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INTRODUCTION 


The  first  objective  of  phase  II  of  this  grant  is  to  delinate  the  regulation  of  VEGF  gene  expression  by 
12-LOX  in  PCa  cells,  specifically  the  involvement  of  Spl  and  possibly  AP2.  The  second  objective  of  this 
proposal  is  to  describe  the  signal  transduction  pathway  by  which  12-LOX  stimulates  VEGF  expression. 
These  two  objectives  are  based  upon  our  observations  in  the  Phase  I  of  this  grant  that  that  12-LOX,  when 
overexpressed  in  human  PCa  cells,  stimulates  tumor  angiogenesis  and  growth.  The  third  objective  to 
evaluate  the  therapeutic  potential  of  12-LOX  inhibitors  for  PCa  treatment. 


BODY  OF  REPORT 


KEY  RESEARCH  ACCOMPLISHMENT 

6  research  articles  published 
1  research  article  in  submission 
3  review  articles  published 

A  12-lipoxygenae  inhibitor  developed  for  a  potential  therapeutic  agent  for  prostate  cancer 

PROGRESS 


Task  1.  Investigate  the  regulation  of  VEGF  gene  expression  by  12-LOX,  with  special  focus  on  the  cis- 
elements  in  VEGF  promoter  region  and  the  tranj'-factors  involved.  Months  1-12: 

This  task  has  been  achieved  and  additional  findings  were  made  as  summarized  as  followed: 

1).  Transcriptional  regulation  of  VEGF  expression  by  12-LOX 

In  Phase  I  of  this  grant,  we  observed  an  increase  in  VEGF  production  in  12-LOX  transfected  PC-3 
cells  when  compared  to  their  vector  controls.  Here  we  studied  how  12-LOX  regulates  VEGF  gene 


expression. 

To  study  whether  12-LOX  regulates  VEGF  expression  at  the  transcriptional  level,  we  transfected 
neo-control  cells  (neo-a)  and  12-LOX  transfected  PC-3  cells  (nL-8  or  nL-12)  with  a  VEGF  promoter 
luciferase  construct  (-1176/+54),  along  with  a  lacZ  control  plasmid  to  normalize  transfection  efficiency.  As 
shown  in  Figure  1,  there  was  a  more  than  10-fold  increase  in  VEGF  promoter  activity  in  12-LOX 
transfected  PC-3  cells  as  compared  with  their  neo-controls. 
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Figure  1.  Increased  VEGF  Promoter  Activities  in  12-  S  £  £  d!  2! 

LOX  Transfected  PC-3  Cells.  Figiiic  2.  Deletion  Analysis  of  VEGF  Promoter  Activity. 

To  determine  which  region  of  VEGF  promoter  is  12-LOX-responsive,  we  transfected  neo-control 
(neo-a)  and  12-LOX  transfected  PC-3  cells  (nL8)  with  a  series  of  luciferase  constructs  with  different  lengths 
of  the  VEGF  promoter,  along  with  a  lacZ  control  plasmid.  As  shown  in  Figure  2,  deletion  of  the  region 
between  -1176  and  -88  significantly  reduced,  but  did  not  abolish,  the  increased  VEGF  promoter  activity  as 
observed  in  nL8.  Further  deletion  of  the  23  bp  region  between  -88  and  -66  abolished  the  increased  VEGF 
promoter  activity  in  nL8,  indicating  the  presence  of  a  cw-element  in  this  region  responsive  to  12-LOX. 
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Similar  results  were  obtained  with  other  clones  of  12-LOX  transfected  PC-3  cells  (nL2  and  nL-12,  data  not 
shown). 


.88  .66 
Spl  AP2  Spl 

WT  CCCCCCGnCiCGGGCCGGGGGCGGGGTCC 

Mut  AP2  CCCCCGGGGCGGCCCL4GGGCGGGGTCC 
Mut.Spl  CCCCCGGG4AGCGCCGGGGAA  GGGGTCC 
Mut.  Spl/AP2  CCCCCGGGAAGGGCCr^GGAAGGGGTCC 

O  lO  20  30 

Sequence  of  -88/-66  Human  VEGF  Promoter  increase  in  i^uciferosc 

Region  and  Site  Directed  Mutations  Activity  <ni.i2/nco) 

Figure  4.  Site-Directed  Mutation  Analysis  of  the  Role  of  Spl  and  AP2  Recognition  Sequences  in 
VEGF  Promoter  Activity.  Left  panel,  DNA  sequence  between  -88  and  -66  of  VEGF  promoter. 
Mutated  nucleotides  in  Spl  recognition  sequences  (GC  to  A  A)  or  AP2  binding  site  (underlined,  GG 
to  TA)  are  shown  in  italic.  Right  panel,  fold  increase  of  luciferase  activities  in  nL12  when  compared 
to  those  in  neo-a.  *,  P  <  0.05,  indicating  the  significant  difference  in  luciferase  activities  between 
neo-a  and  nL12. 

Co-transfection  of  PC-3  parental  cells  with  both  VEGF  promoter  constructs  and  a  12-LOX 
expression  construct  demonstrated  a  significant  increase  in  p-1176  and  p-88,  but  not  p-27,  VEGF  promoter 
activities,  as  compared  with  their  respective  pcDNA3.1  vector  control  (Figure  3).  The  data  suggest  that  12- 
LOX  stimulates  VEGF  promoter  activity  and  the  observed  increase  in  VEGF  promoter  activity  in  12-LOX 
transfected  PC-3  cells  is  not  due  to  possible  cloning  artifacts  associated  with  a  particular  transfectant  clone. 
The  data  also  demonstrate  that  the  -88  and  -27  promoter  region  of  VEGF  gene  is  responsive  to  12-LOX, 
supporting  our  previous  observation  that  the  23  bp  DNA  segment  beween  -88  and  -66  is  required  for 
increased  VEGF  promoter  activity  in  12-LOX  transfected  PC-3  cells. 

There  are  one  AP2  and  two  Spl  binding  sites  in  this  23  bp  region.  As  shown  in  Figure  4,  mutation  of 
AP2  decreased,  but  did  not  abolish,  the  stimulation  of  promoter  activity  by  12-LOX  (from  25  fold  to  8  fold 
increase).  In  contrast,  mutation  of  two  Spl  binding  sites  dramatieally  decreased  the  stimulation  of  VEGF 
promoter  activity  by  12-LOX  in  which  the  increase  of  VEGF  promoter  activity  in  nL12  was  no  longer 
statistically  significant.  Mutation  of  both  AP2  and  Spl  binding  sites  completely  abolished  the  increased 
VEGF  promoter  activity  in  12-LOX  transfected  PC-3  cells.  The  data  suggest  that  Spl,  and  to  lesser  extent, 
AP2,  are  involved  in  12-LOX  regulation  of  VEGF  promoter  activity. 

2).  Overexpression  of  the  platelet-type  12-LOX  in  PC-3  cells  increases  DNA  binding  and 
transcriptional  activities  of  NF-kB  and  promotes  ItdBa  degradation. 

In  addition  to  Spl  and  AP2,  NF-kB  was  demonstrated  important  for  VEGF  expression.  Therefore  we 
tested  the  effect  of  overexpression  of  platelet-type  12-LOX  on  the  activation  state  of  NF-kB  in  prostate 
cancer  cells.  For  this  study,  we  have  used  PC-3  prostate  cancer  cell  line  that  was  stably  transfected  with 
platelet-type  12-LOX.  Two  12-LOX  overexpressing  clones  (nL-8  and  nL-12),  a  vector  only  transfected  clone 
(neo),  and  the  native  PC-3  cells  were  used  for  the  experiments.  The  effect  of  12-LOX  overexpression  on  the 
activation  of  NF-kB  was  studied  using  Electomobility  Shift  Assays  (EMSAs),  western  blotting  for  iKBa,  and 
transcriptional  activity  with  luciferase  reporter  assay. 
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NF-kB 


Figure  5:  Effect  of  12-lipoxygenase  overexpression  on  NF-kB 
activity:EMSA  performed  on  nuclear  extracts  of  untransfected 

PC-3,  neo,  and  12-LOX  transfected  cells  Figure  6:  Effect  of  12-lipoxygenase  overexpression  on  NF-kB  activity:  NF-kB- 

luciferase  reporter  activities.  The  cells  (PC-3,  neo,  and  nL-12)  were  transfected 
with  KB-luciferase  and  LaeZ  reporters  (pUSEamp)  and  the  reporter  activities 
measured.  12-LOX  transfected  cells  were  also  transiently  transfected  with  a 
dominant  negative  mutant  IicBa  construct  (p-lKBdn)  in  addition  to  kB- 
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Figure  3.  Activation  of  VEGF  Promoter 
Activity  by  Co-transfection  with  a  12- 
LOX  expression  construct  (LOX). 
pCDNA,  vector  control.  *,  P  <  0.05;  **,  p 
<  0.01  when  compared  to  their  respective 
vector  control. 
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luciferase  and  LacZ  reporters.  The  normalized  data  shown  is  an  average  of  three 
experiments  with  standard  deviation.  LacZ  expression  was  used  for 
normalization. 


'  Nuclear  protein  extracts  of  12-LOX  transfected  cells  (nL-8)  showed  significant  constitutive  activation 
of  NF-kB  compared  to  the  vector  transfected  control  cells  (neo)  or  the  untransfected  PC-3  cells  (Figure  5). 
This  activation  was  confirmed  by  the  increased  transcriptional  activity  of  the  luciferase  reporter  construct  in 
nL-12  cells  that  were  transiently  transfected.  (Figure  6).  This  increase  in  transcriptional  activity  observed  in 
12-LOX  transfected  cells  was  nearly  abolished  upon  co-transfection  of  a  mutant  of  iKBa  that  is  resistant  to 
proteolytic  degradation  (Figure  6).  Activation  of  NF-kB  involves  phosphorylation  and  eventual  degradation 
of  IkB  protein  before  NF-kB  could  bind  to  DNA.  Western  blots  of  whole  cell  protein  extracts  from  neo,  nL- 
8,  and  nL-12  cells  showed  a  dramatic  decrease  in  IkB  a  in  nL-8  and  nL-12  cells  (data  not  shown).  These 
results  strongly  suggest  that  overexpression  of  12-LOX  induces  NF-kB  activity  by  a  mechanism  involving 
proteolytic  degradation  of  iKBa. 


3).  12(S)-HETE  activates  NF-kB  in  PC-3  prostate  cancer  cells. 

The  fact  that  12(S)-HETE,  the  stable  end  product  of  12-LOX  metabolism  of  arachidonic  acid, 
mediated  the  activation  of  NF-i^  was  demonstrated  by  the  increased  DNA  binding  activity  of  NF-kB  when 
native  PC-3  cells  were  treated  with  12(S)-HETE  (Figure  7).  The  12(S)-HETE  driven  increase  in  NF-kB 
DNA  binding  also  paralleled  the  increase  in  transcriptional  activity  as  determined  by  the  NF-KB-luciferase 
reporter  assay  (Figure  8). 


0.1  (iM  0.3  nM  0.5  jiM 


C  S’  15’  30’  S’  IS’  30’  5’  15’  30’ 


Figure  7:  Effect  of  12(S)-‘HETE  on  the  activation  of  NF-kB  in 
PCS  cells:  Time  and  dose  dependent  activation  of  NF-kB 
DNA  binding  activity  by  12(S)-HETE.  EMSA  was  performed 
on  the  nuclear  extracts  of  the  treated  PC-3  cells.  The  cells  were 
incubated  with  serum-free  RPMI  medium  containing  the 
amounts  of  12(S)-HETE  shown  for  the  indicated  time  and 
subjected  to  EMSA. 


0  100  300  1000 

12(S)-HETE  <nM) 


Figure  8:  NF-KB-luciferase  reporter  activities  of  cells  treated 
with  12(S)-HETE.  PC-3  cells  were  incubated  at  indicated 
concentrations  for  30  min  and  luciferase  activities  measured. 

**,  p<0.01. 
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Additionally,  immunocytochemical  analysis  of  the  12(S)-HETE  treated  PC-3  cells  using  antibodies 
again^  p65  subunit  of  NF-kB  show  a  translocation  of  NF-kB  from  cytosol  to  the  nucleus  (Figure  9).  Thus, 
the  observations  made  with  12(S)-HETE  corroborate  those  of  12-LOX  overexpressing  PC-3  prostate  cancer 
cells. 


Figure  9:  Immunofluorescent  localization  of  NF-kB  in  PC-3 
cells  with  and  without  12(S)-HETE  treatment.  Cells  were 
treated  with  100  nM  12(S)-HETE  or  buffer  for  10  min  and 
immunostained.  Staining  was  predominantly  present  in  the 
cytoplasm  of  untreated  control  cells  (i,  arrows)  and  nuclear 
staining  increased  considerably  in  12(S)-HETE  treated  cells  (//, 
arrows). 


4).  NF-kB  activation  is  inhibited  by  12-LOX  inhibitor.  It  is  conceivable  that  the  observations  made 
with  the  12-LOX  overexpression  system  and  12(S)-HETE  are  mutually  independent  and  follow  a  different, 
yet  unknown,  mechanism.  To  address  this  possibility,  we  used  BHPP,  a  specific  inhibitor  of  12-LOX,  to 
study  the  role  of  the  enzymatic  activity  of  12-LOX  in  NF-kB  activation.  DNA  binding  activity  of  NF-kB 
was  greatly  decreased  upon  exposure  to  20  |liM  BHPP  for  60  min  (Figure  10).  The  results  show  the 
participation  of  the  12-LOX  enzymatic  activity  in  NF-kB  activation  and  that  it  is  mediated  by  12(S)-HETE. 
Currently  we  are  actively  studying  the  possible  involvement  of  this  transcriptional  factor  in  12-LOX 
regulation  of  VEGF  expression  in  human  prostate  cancer  cells. 


Figure  10.  Inhibition  of  NF-kB  activation  in  12-LOX 
transfected  PC-3  cells  by  BHPP,  a  select  12-LOX  inhibitor. 
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Task  2.  Study  the  signaling  pathways  involved  in  12-LOX  regulation  of  VEGF  expression.  Months  1-18; 

•This  task  has  been  achieved.  Specifically,  we  found  an  involvement  of  PI3  kinase  and  Akt  signaling 
pathway  in  12-LOX  stimulated  VEGF  gene  expression. 

'  To  study  the  signaling  mechanism  from  12-LOX  leading  to  VEGF  expression  in  PC-3  cells,  we 
treated  12-LOX  transfected  PC-3  cells  with  PD98059,  a  Mek  inhibitor,  and  LY294002,  a  PI3  kinase 
inhibitor,  and  studied  VEGF  expression.  As  shown  in  Figure  11,  LY294002  (20  pM)  reduced  VEGF 
expression  in  both  12-LOX  transfected  PC-3  cells  (nL-8  and  nL-12)  and  neo-controls  (neo-a  and  neo-c*),  as 
well  as  in  PC-3  parental  cell  line.  We  also  found  significant  reduction  of  VEGF  expression  in  DU  145  cells 
by  LY294002  data  not  shown).  In  contrast,  we  did  not  find  any  effect  of  PD98059  on  VEGF  expression  in 
PCa  cells  (data  not  shown).  The  results  suggest  that  PI3  kinase  activity  is  required  for  VEGF  expression  in 
PCa  cells  as  well  as  in  12-LOX  transfected  PC-3  cells. 
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Figure  12.  Increased  PI3  Kinase  Activity  in  12-LOX  Transfected  PC-3  Cells. 
Figure  11.  Down-regulation  of  VEGF  PI3  |(jnase  activity  in  p85  immunoprecipitates  was  measured  by  incubating 

Expression  by  PI3  Kinase  Inhibitor  with  substrate  and  y-^P-ATP.  Phospholipids  were  separated  by  TLC,  X- 

LY294002.  filmed  and  quantified  using  a  NIH  imaging  software. 

To  Study  whether  there  is  an  increase  in  PI3  kinase  activity  in  12-LOX  transfected  PC-3  cells  that 
may  mediate  the  stimulation  of  VEGF  expression,  we  measured  the  PI3  kinase  activity.  As  shown  in  Figure 
12,  there  was  a  2  fold  increase  in  PI3  kinase  activity  in  12-LOX  transfected  PC-3  cells  (nL8)  and  this 
increase  of  PI3  kinase  was  inhibited  by  pre-treatment  of  nL8  cells  with  LOX  inhibitors  NDGA  and  baicalein. 
The  data  suggest  that  there  is  an  increase  in  PI3  kinase  activity  in  12-LOX  transfected  PC-3  cells  and 
inhibition  of  PI3  kinase  activities  by  LY294002  reduced  VEGF  expression  in  12-LOX  transfected  PC-3  cells 


and  other  PCa  cells. 

We  investigated  whether  the  arachidonate  product  of  12-LOX,  12(S)-HETE,  can  activate  PI3  kinase. 
We  used  A431  cells,  instead  of  PC-3  cells,  in  this  study  because  there  is  low  endogenous  level  of  PI3  kinase 
activity  under  serum  free  condition  but  readily  stimulated  in  A431  cells.  We  found  12(S)-HETE  activates 
PI3  kinase  /Akt  in  A431  cells  and  the  activation  of  PI3  kinase  is  required  for  12(S)-HETE  activation  of 
Erkl/2.  Currently  we  are  extending  the  findings  obtained  using  A431  cells  into  PC-3  cells  and  prostate 
cancer  cells. 


12rS)-HETE 


Figure  13.  Activation  of  p42/44  MAP 
kinase  by  12(S)-HETE  in  LNCaP  cells. 
LNCaP  cells  were  serum  starved 
overnight  and  treated  with  300  nM 
12(S)-HETE  for  indicated  times. 
Activation  of  p42/44  MAP  kinase  was 
indicated  by  the  levels  of  phosphorylated 
form  of  Erk  (upper  panel),  in 
comparison  with  the  level  of  total  Erk 
protein  (bottom  panel).  As  shown  in  the 
figure,  the  activation  of  p42/44  MAP 
kinase  byl2(S)-HETE  is  evident  with  15 
minutes  of  treatment. 
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Task  3.  Evaluate  the  efficacy  of  12-LOX  inhibitors  against  angiogenesis  induced  by  PCa  cells  using 
Matrigel  implantation  model.  Months  1  -9: 

This  specific  aim  has  been  achieved. 

In  Phase  I  of  this  grant,  we  found  that  12-LOX  functions  as  an  “angiogenic  switch,”  governing  PCa 
angiogenesis  and  growth.  The  findings  suggest  that  12-LOX  may  be  a  promising  target  for  developing  anti¬ 
angiogenesis  therapy,  at  least  for  those  patients  whose  PCa  is  12-LOX  positive.  Previously,  Dr.  Honn,  in 
collaboration  with  Dr.  Carl  Johnson  (Department  of  Chemistry,  Wayne  State  University)  synthesized  several 
classes  of  hydroxamic  acid  derivatives,  using  rational  drug  design  for  inhibition  of  platelet-type  12-LOX  (US 
Patent  No.  5,234,933).  Compounds  were  initially  screened  for  inhibition  of  platelet-type  12-LOX  and  a 
select  group  of  them  later  tested  for  selectivity.  The  first  lead  compound  was  BMD188  which  inhibits  12- 
LOX  with  ICso  of  3  fiM.  BMD188  was  initially  chosen  for  study  because  of  its  ease  of  synthesis  in  bulk,  its 
stability  and  preliminary  pharmacokinetic  data  indicates  a  circulating  half-life  in  mouse  of  50  hours.  To 
demonstrate  the  plausibility  of  using  12-LOX  inhibitors  to  reduce  PCa  angiogenesis  and  tumor  growth,  we 
first  tested  the  effect  of  BMD188  on  angiogenesis  induced  by  12-LOX  transfected  PC-3  cells  in  Matrigel 
plug  assay.  Athymic  mice  were  injected  with  2  X  10*  12-LOX  transfected  PC-3  cells  suspended  in  Matrigel. 
After  24,  mice  were  injected  (i.p.)  with  20,  60  or  100  mg  BMD188  per  kg  of  mouse  weight  every  other  day 
for  a  total  of  4  treatments.  A  dose  dependent  inhibition  of  angiogenesis  was  observed  (Figure  14). 


BiyiD188 


Figure  14.  Inhibition  of  PCa  cell  induced  angiogenesis  by  BMD188. 


We  also  find  WSU215  inhibit  bFGF-  and  VEGF-induced  endothelial  cell  migration  (Data  not  shown). 

Task  4.  Evaluate  the  efficacy  of  12-LOX  inhibitors  against  s.c.  tumor  growth  in  athymic  mice.  Months  6  - 
15: 

This  specific  aim  has  been  achieved.  : 

To  study  the  feasibility  of  using  12-LOXinhibitors  to  treat  prostate  tumors,  a  pilot  toxicity  experiment 
was  performed  with  every  other  day  i.p.  injection  of  BMD188  at  0, 10, 50,  and  100  mg/kg  to  tumor-free 
animals.  The  injection  lasted  1  month.  The  results  indicated  that  100  mg/kg  dose  of  BMD188  was  toxic 
while  doses  of  <50  mg/kg  was  not.  Considering  that  tumor-bearing  animals  might  be  more  sensitive  to  the 
drug  treatment,  a  dose  of  25  mg/kg  was  adopted  for  the  large-scale  in  vivo  efficacy  experiment.  As  shown 
in  Figure  3,  the  results  also  revealed  the  inhibitory  effect  of  BMD188  on  prostate  cancer  growth.  Live 
measurement  of  tumor  sizes  (i.e.,  when  animals  were  still  alive),  which  were  converted  to  tumor  weights. 
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indicated  that  BMD188  demonstrated  significant  inhibitory  effect  in  retarding  the  growth  of  Du  145  tumor  in 
vivo  (Figure  7A).  Note  that  the  difference  in  tumor  weights  between  the  control  and  suramin  measured  at 
the  seventh  week  was  not  statistically  significant  (p  =  0.45)  due  to  large  S.D.  values  (Figure  16).  The 
tumor-inhibitory  effect  of  BMD188  was  also  confirmed  by  the  direct  weighing  of  tumors  isolated  from 
surviving  animals  when  the  experiment  was  terminated  on  day  63  post  the  start  of  the  treatment.  As  shown  in 
Figure  6B,  BMD188  demonstrated  significant  inhibitory  effect  on  Dul45  tumor  growth  (p  =  0.036)  while 
suramin  was  ineffective  (p  =  0.68). 

A  B 


CTL  BDM188  suramin 


Groups 

Figure  16.  A,  BMD188  inhibits  the  growth  of  Dul45  tumors  in  athymic  nude  mice.  Tumor  sizes  on  live  animals  were  taken  on 
weekly  basis  with  a  caliper  and  converted  to  tumor  weights.  *p<0.05  between  BMD188  and  control;  p<0.01  between  BMD188 
and  control.  B,  Tumor  weights  at  the  end  of  the  experiment.  After  the  animals  were  sacrificed  at  the  end  of  the  night  week  (63 
days),  tumors  were  dissected  out  from  surviving  mice  and  weighed  .  The  animal  number  (n)  and  p  values  compared  with  the 
control  are  also  indicated.  *Statistically  significant  different  from  the  tumors  in  the  control. 

BMD188  at  25  mg/kg  appeared  to  be  very  tolerable  to  animals  since  it  did  not  demonstrate  any 
obvious  toxicity  throughout  the  experiment.  In  fact,  BMD188  appeared  to  slightly  extend  the  survival  rate  of 
tumor-bearing  animals.  By  the  eighth  week  post  the  start  of  the  treatment,  40%  animals  in  the  control,  52% 
in  the  BMD188  group  and  32%  in  the  suramin  group  survived  (see  Figure  4  in  Appendix  x).  When  the 
experiment  was  terminated  by  the  end  of  the  ninth  week,  28%  of  the  animals  survived  in  both  control  and 
suramin  groups  while  44%  of  the  tumor-bearing  animals  survived.  Suramin  demonstrated  noticeable  toxicity 
as  revealed  by  decreased  survival  rated  from  early  on.  Therefore,  the  injection  protocol  was  changed  from 
every  other  day  to  once  per  week  starting  from  the  third  week.  Since  tumor  bearing  animals  died  at  different 
times,  we  also  isolated  tumor  masses  from  each  individual  animal  and  pooled  the  data  for  each  group.  The 
pooled  tumor  weights  were  4003.5  +  422.2,  2902.3  ±  341.9,  and  3744.3  +  404.4  (mean  +  S.E.)  for  the 
control,  BMD188,  and  suramin  group,  respectively.  Again,  the  difference  between  the  BMD188  group  and 
control  was  statistically  significant  (p  <0.05)  while  the  difference  between  the  suramin  group  and  control 
was  not  statistically  significant  (p  =  0.66). 


Task  5.  Evaluate  the  effieacy  of  12-LOX  inhibitors,  BMD188  and  WSU-215,  against  the  growth  and 
progression  of  prostatic  tumors  in  a  SCID  orthotopic  model.  Months  12-21: 

This  specific  aim  has  been  achieved. 
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To  demonstrate  oral  efficacy  of  BMD188  as  anti  prostate  cancer  agent  we  performed  a  series  of 
experiTnents  with  Du  145  cells  transplanted  intraprostatically  into  SCID  and  the  drug  was  administered  p.o. 
This  experiment  revealed  a  dramatic  decrease  in  tumor  size  (Fig.  17)  indicating  that  BMD188  could  be  used 
orally.  However,  Based  on  the  above  described  pharmakokinetic  data  (Table  1),  we  decided  to  perform  most 
of  the  in  vivo  efficacy  experiments  by  giving  animals  BMD188  intraperitoneally  every  48  h  (i.e.,  every  other 
day).  The  rationale  for  i.p.  administration  is  the  following:  considering  that;  1)  BMD188  has  an  approximate 
half  life  of  ~50h;  2)  the  oral  absorption  of  BMD188  is  low  and  the  i.p.  absorption  is  high;  3)  it  is  infeasible 
experimentally  to  repeatedly  inject  the  animal  tail  vein.  The  first,  small-scale,  in  vivo  anti-tumor  experiment 
was  carried  out  using  Du  145  cells  (androgen-independent  and  metastatic)  orthotopically  implanted  into 
SCID  mice  prostates  since  previous  studies  revealed  that  PCS  cells  did  not  metastasize  in  the  SCID  mice 
model  (Appendix  x).  In  this  experiment,  we  performed  a  dose  study  of  BMD188,  i.e.,  0,  1,  and  10  mg/kg. 
Forty  seven  days’  treatment  of  tumor-bearing  animals  by  i.p.  injection  every  other  day  of  BMD188  did  not 
produce  apparent  signs  of  toxicity  macroscopically  and  microscopically  by  examining  several  internal  organs 
(i.e.,  liver,  kidney,  lung,  spleen,  heart,  and  rectum).  As  shown  in  Table  1,  BMD188  inhibited  both  primary 
growth  and  local  invasion  of  Du  145  tumors  grown  in  SCID  mice.  The  inhibitory  effect  on  tumor  growth  was 
noticed  at  1  mg/kg  although  the  difference  was  not  statistically  significant.  At  lOmg/kg,  BMD188 
demonstrated  statistically  significant  inhibitory  effect  on  the  growth  of  Dul45  tumors  in  SCID  mice  (Table 
1).  Furthermore,  BMD188  exhibited  potent  inhibitory  effect  on  the  local  invasion  of  Dul45  tumors,  as 
revealed  by  the  appearance  of  effect  at  Img/kg  (Table  1).  No  distant  metastasis  in  lung,  liver,  spleen,  and 
kidney  was  observed  in  any  animal  during  this  experiment. 

Inhibition  by  BMD188  (p.o)  of  Dul45  intraprostatic  tumor  growth  in  SCID  mice 


(n=4) 


0  25  100  250  500 


BMD  188  dose  (mg/kg) 

Figure  17.  BMD  188  administered  p.o.  inhibits  the  primary  tumor  growth  of  Dul45  prostate  cancer  cells  orthotopically 
(intraprostatically)  transplanted  into  SCID  mice.  Shown  are  mean  values  of  each  group.  The  S.D.s  were  <10%.  Indicated  p 
values  obtained  by  comparing  with  the  control  (i.e.,  0)  group.  Note  that  this  experiment  indicates  that  p.o  administered  BM188  is 
biologically  active  though  much  higher  doses  are  required  when  compared  to  in  vivo  experiments  described  below. 


Table  1.  Inhibition  by  BMD188  (i.p.)  of  primary  growth  and  local  invasion  of  Dul45  tumors 
orthotopically  implanted  into  SCID  mice*. 


Control(O) 

1  mg/kg 

10  mg/kg 

(5/5)'’ 

(5/5) 

(4/5) 

Primary  tumor(mm^) 

291.8+90.2 

216+38.7 

80.8±11.3'^ 

Local  invasion 

..  * 

prostate  capsule 

5/5‘ 

1/5 

0/4 

muscle 

3/5 

0/5 

0/4 

adipose  tissue 

3/5 

0/5 

0/4 

peritoneal  membrane 

1/5 

0/5 

0/4 

rectal  wall 

2/5 

0/5 

0/4 

lymphatic 

1/5 

0/5 

0/4 

blood  vessels 

2/5 

0/5 

0/4 

"  Refer  to  the  Materials  &  Methods  for  experimental  details. 

**  The  number  in  the  bracket  indicates  the  informative  cases  of  animals  utilized  for  analysis.  Specifically,  5  out  of  5  animals  were  informative  in  the  control  (i.e. 
DMSO  alone)  and  1  mg/kg  group,  while  only  4  out  of  5  animals  in  the  10  mg/kg  (one  animal  died  due  to  experimental  accident). 
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'  pcO.OI  compared  with  the  control  group  (x^est). 

Local  injwsion  involves  prostate  capsules  or  neighboring  connective  tissues  or  pelvic  organs. 

*  The  number  refers  to  how  many  animals  out  of  the  total  demonstrated  evidence  of  local  invasion/metastasis  under  the  microscope  for  any  individual  tissue 
analyzed. 


Task  6.  Evaluate  the  efficacy  of  12-LOX  inhibitors,  BMD188  and  WSU-215,  against  the  growth  of  PCa 
tumors  in  human  bone  environment.  Months  12-24: 

This  specific  aim  has  been  achieved. 

Using  a  SCID-human  bone  model  (Nemeth  et  al.,  1999),  we  studied  whether  BMD188  can  inhibit  the 
growth  of  tumors  in  human  bone  environment.  As  shown  in  Figure  18,  at  50  or  100  mg  BMD188  per  kg  of 
mouse  weight,  significant  reduction  in  tumor  growth  was  observed.  Considerable  reduction  in  angiogenesis 
on  the  surface  of  tumor  or  on  the  skin  around  tumors  also  was  observed.  The  results  raise  the  exciting 
possibility  that  inhibition  of  12-LOX  is  a  novel  approach  to  inhibit  tumor  angiogenesis  and  curb  prostate 
tumor  growth  (Figure  19). 
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Figure  18.  Inhibition  of  Tumor  Growth  in 
SCID-Hu  Bone  by  BMD188.  Open  circle, 

Solvent  control;  Filled  circle,  BMD188 
50mg/Kg  mouse;  Open  triangle,  BMD188, 
lOOmg/Kg  mouse. 


The  ability  of  BMD188  to  inhibit  angiogenesis  directly  led  us  to  study  whether  HA188  can  inhibit  the 
growth  of  tumors  derived  from  cancer  cells  with  little  12-LOX  expression.  PCS  neo-transfectants  were 
selected  for  this  study  due  to  its  low  level  of  12-LOX  expression.  In  SCID-hu  bone  model,  the  bone 
enviroment  greatly  facilitated  the  tumor  growth  as  previously  described.  As  shown  in  the  figure  (Figure  20), 
BMD188  inhibited  the  growth  of  tumors  derived  from  PCS  neo-transfectants.  Interestingly,  the  inhibitory 
effect  of  BMD188  on  tumor  growth  is  more  pronounced  in  12-LOX  transfected  PCS  cells  than  in  PCS  neo- 
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transfetcants,  suggesting  that  the  direct  inhibition  of  angiogenesis  by  BMD188  may  contribute  in  part,  but 
not  tolhlly,  the  inhibition  of  the  growth  of  tumors  derived  from  12-LOX  transfected  PC3  cells.  The  other  part 
of  contribution  is  probably  due  to  its  effect  on  12-LOX  activity  in  PCS  cells. 
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Figure  20.  Growth  kinetics  of  tumors  from  PCS  cells  with  low  or  high  12-LOX  expression  in  the  presence  or 
absence  of  BMD188.  The  SCID-hu  bone  orthotopic  model  and  BMD188  administration  were  described  in 
"Materials  and  Methods."  Shown  here  are  the  growth  curves  of  tumors  from  neo-ot  and  nL12,  treated  with  vehicle 
(open  circle)  and  100  mg/kg  of  BMD188  (filled  circle).  Data  points,  mean  percentage  of  tumor  volumes, 
compared  to  their  starting  tumor  volumes  when  BMD188  treatment  was  initiated,  of  four  tumors  for  each  group. 
The  SE  of  each  data  point  is  within  20%  of  their  respective  mean  value. 


CONCLUSIONS: 

The  research  progress  made  in  the  first  year  of  Phase  II  of  Award#  DAMD 17-98- 1-8502  indicates 
that  12-LOX  increases  VEGF  expression  in  human  prostate  cancer  cells  in  a  PIS  kinase/Akt  dependent 
pathway.  We  also  found  12-LOX  and  its  arachidonate  product,  12(S)-HETE,  activate  NF-kE  transcriptional 
activity  and  p42/44  MAP  kinase  activity  in  human  prostate  cancer  cells.  The  link  between  12-LOX,  a  free 
fatty  acid  metabolizing  enzyme,  and  VEGF,  a  putative  angiogenic  factor,  is  both  novel  and  exciting, 
providing  significant  insights  into  our  understanding  of  the  regulation  of  VEGF  expression  during  PCa 
progression.  The  study  also  found  the  transcriptional  regulation  of  VEGF  expression  by  12-LOX  and  by  its 
lipid  product,  12(S)-HETE.  The  study  also  demonstrated  the  plausibility  of  using  12-LOX  inhibitors  such  as 
BMD188  to  inhibit  prostate  tumor  angiogenesis  and  growth.  The  in  vivo  results  with  BMD188,  a  novel 
cyclic  hydroxamic  acid  compound,  demonstrated  good  absorption  in  lab  animals  when  given  by  i.p  injection. 
The  post-absorption  BMD188  demonstrated  a  plasma  half  life  of  ~50  h.  Using  this  knowledge  about 
BMD188,  we  performed  two  sets  of  in  vivo  efficacy  experiments,  both  of  which  reveled  that  BMD188  could 
retard  the  growth  of  Du  145  prostate  cancers  orthotopically  implanted  into  the  prostates  of  either  SCID  or 
athymic  nude  mice.  The  anti-tumor  effect  of  BMD188  in  stronger  than  that  of  suramin,  a  compound 
currently  being  attempted  in  humans  as  an  anti-cancer  agent.  In  fact,  suramin  hardly  demonstrated  any 
significant  efficacy  against  Dul45  tumors  although  it  did  show  certain  toxicities.  BMD188  appears  to  be 
well-tolerated  in  tumor-bearing  animals:  no  toxicities  observed  in  range  of  1-25  mg/kg  using  i.p  injection 
every  other  day  for  up  to  8  weeks.  Our  studies  suggest  that  12-LOX  inhibitors  can  be  used  as  a  novel 
approach  for  treatment  of  prostate  tumors. 
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ABSTRACT 

Arachidonic  acid  metabolism  leads  to  the  generation  of  biologically 
active  metabolites  that  regulate  cell  growth  and  proliferation,  as  well  as 
survival  and  apoptosis.  We  have  demonstrated  previously  that  platelet- 
type  12-lipoxygenase  (LOX)  regulates  the  growth  and  survival  of  a  num¬ 
ber  of  cancer  cells.  In  this  study,  we  show  that  overexpression  of  platelet- 
type  12-LOX  in  prostate  cancer  PC3  cells  or  epithelial  cancer  A431  cells 
signiHcantly  extended  their  survival  and  delayed  apoptosis  when  cultured 
under  serum-free  conditions.  These  effects  were  shown  to  be  a  result  of 
enhanced  surface  integrin  expression,  resulting  in  a  more  spread  mor¬ 
phology  of  the  cells  in  culture.  PC3  cells  transfected  with  12-LOX  dis¬ 
played  increased  and  integrin  expression,  whereas  other  inte- 
grins  were  unaltered.  Transfected  A431  cells  did  not  express  ctyp^; 
however,  o^pg  integrin  expression  was  increased.  Treatment  of  both 
transfected  cell  lines  with  monoclonal  antibody  to  o^pg  (and  in  the  case  of 
PC3  cells,  anti-a^pg)  resulted  in  significant  apoptosis.  In  addition,  treat¬ 
ment  with  100  nM  12(S)-hydroxy-eicosatetraenoic  acid,  the  end  product  of 
platelet-type  12-LOX,  but  not  other  hydroxy-eicosatetraenoic  acids,  en¬ 
hanced  the  survival  of  wild-type  PC3  and  A431  cells  and  resulted  in 
increased  expression  of  Furthermore,  Baicalein  or  A^-benzyl-A^- 

hydroxy-5-phenylpentamide,  specific  12-LOX  inhibitors,  significantly  de¬ 
creased  a^Ps-mediated  adhesion  and  survival  in  12-LOX-overexpres$ing 
cells.  The  results  show  that  12-LOX  regulates  cell  survival  and  apoptosis 
by  affecting  the  expression  and  localization  of  the  vitronectin  receptors, 
ctvpg  and  a^pg,  in  two  cancer  cell  lines. 


INTRODUCTION 

LOXs^  constitute  a  family  of  lipid-peroxidizing  enzymes  that 
metabolize  A  A  to  biologically  active  metabolites,  including  hy- 
droperoxy-eicosatetraenoic  acids  and  HETEs,  as  well  as  leukot- 
rienes  (1).  12-LOX  is  one  of  at  least  three  LOXs  that  is  expressed 
as  two  main  isoforms,  a  platelet  type  cloned  from  human  platelets 
(2)  and  a  leukocyte  type  from  porcine  leukocytes,  which  shares 
65%  homology  to  the  platelet-type  cDNA  (3).  Several  lines  of 
evidence  implicate  12-LOX  as  a  regulator  of  human  cancer  devel¬ 
opment.  It  is  overexpressed  in  a  variety  of  tumors  including  breast, 
colorectal,  and  prostate  tumors  (4-6)  and  has  been  shown  to  be 
present  in  a  number  of  cancer  cell  lines  (7-9).  In  addition,  we  have 
recently  shown  that  inhibitors  to  12-LOX  block  cell  cycle  progres¬ 
sion  by  regulating  the  expression  of  proteins  governing  the  tran¬ 
sition  from  Gj  to  S  and  induce  apoptosis  in  prostate  cancer  cells 
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(10),  whereas  overexpression  of  12-LOX  increases  angiogenesis 
and  metastatic  growth  in  mice  (6). 

The  ability  of  tumors  to  invade  beyond  hemostatic  boundaries  and 
form  metastatic  colonies  requires  the  complex  interplay  of  various  cell 
surface-associated  components  regulating  the  proteolytic  disruption  of 
the  ECM  and  the  modification  of  cell  adhesion  properties  (11).  These 
cell-ECM  interactions  are  mediated  by  integrins,  a  family  of  adhesive 
receptors  that  mediate  the  attachment  of  the  cell  to  both  structural  and 
matrix-immobilized  proteins  to  promote  cell  survival,  proliferation, 
and  migration  (12, 13).  Integrins  perform  a  well-documented  function 
in  cellular  invasion  and  metastasis  (14,  15).  Nonligated  integrins  are 
generally  spread  diffusely  over  the  cell  surface  with  no  apparent 
linkage  to  the  actin  cytoskeleton.  However,  when  ligated,  integrins 
frequently  cluster  into  specialized  structures  called  focal  adhesion 
complexes,  thereby  providing  a  convergence  site  for  multiple  signal¬ 
ing  components  (15,  16),  while  physically  linking  the  receptors  to 
actin  nnucrofilaments  (17,  18).  Ligand  binding  to  integrins  triggers  a 
number  of  signaling  pathways,  some  of  which  are  primarily  related  to 
cell  adhesion,  whereas  others  provide  survival  signals  to  cells,  For 
example,  prevention  of  cell  adhesion  to  the  ECM  will  trigger  apo¬ 
ptosis  in  various  cells  [in  particular,  epithelial  cells  (19-21)],  sug¬ 
gesting  that  integrin-mediated  attachment  relays  important  survival 
signals  to  the  cells.  Conversely,  attachment  or  adhesion  to  the  base¬ 
ment  membrane  or  individual  ECM  components  has  been  shown  to 
promote  cell  differentiation  and  extend  cell  survival  under  various 
experimental  conditions  (22-25). 

Previous  studies  have  indicated  a  role  for  AA  metabolism  in 
cell-matrix  interactions  and  integrin  signaling.  For  example,  inhi¬ 
bition  of  cyclooxgenase-2  by  nonsteroidal  anti-inflammatory  drugs 
blocks  both  platelet  aggregation  [by  suppressing  activation  of 
integrin  otiibP2  (26)]  and  endothelial  cell  migration  [by  suppressing 
activation  of  integrin  (27)].  Other  studies  have  reported  the 
role  of  LOXs,  in  particular,  12-LOX,  in  the  regulation  of  surface 
integrin  expression.  For  example,  adhesion  of  B16  murine  mela¬ 
noma  cells  to  microvascular  endothelial  cells  was  enhanced  by 
pretreatment  of  the  endothelial  cells  with  the  12-LOX  product, 
12(5)-HETE,  via  up-regulation  of  integrin  expression  (28).  In 
the  same  cell  line,  ligation  of  integrin  induced  12(5)-HETE 
production  (29),  implying  coregulation  of  integrin  expression  and 
LOX  activity  in  these  cells.  Similarly,  12(5)-HETE  treatment  of 
human  endothelial  cells  enhanced  monocyte  adhesion  through  in¬ 
creased  very  late-acting  antigen-4  integrin  expression  (30).  Indeed, 
we  have  recently  reported  the  interaction  of  12-LOX  with  a  number 
of  cellular  proteins,  including  the  integrin  subunit,  as  deter¬ 
mined  by  yeast  two-hybrid  screening  (31).  The  above  observations 
establish  a  potential  relationship  between  lipid-regulated  adhesive 
functions  and  cellular  responses  to  apoptosis  induction. 

In  this  study,  we  examine  the  involvement  of  12-LOX  in  the 
survival  of  two  tumor  cell  lines  from  different  histological  origins 
under  growth-restrictive  conditions.  The  results  indicate  that  overex¬ 
pression  of  platelet-type  12-LOX  in  PC3  or  A431  cells  (prostate  and 
epidermoid  cancer  cell  lines,  respectively)  enhances  surface  expres¬ 
sion  of  and  integrins  in  PC3  cells  and  0:^185  in  A431  cells. 
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This  increased  integrin  expression  prolongs  cell  survival,  delaying  the 
induction  of  apoptosis  in  the  absence  of  serum. 


MATERIALS  AND  METHODS 

Cell  Lines.  Two  carcinoma  cell  lines,  prostate  carcinoma  PCS  and  epider¬ 
moid  carcinoma  A431,  were  obtained  from  the  American  Type  Culture  Col¬ 
lection  (Manassas,  VA)  and  maintained  in  a  humidified  atmosphere  of  5%  CO2 
in  air  at  37®C.  The  cells  were  routinely  cultured  in  RPMI  1640  or  DMEN 
supplemented  with  10%  FBS  (Life  Technologies,  Inc.,  Grand  Island,  NY), 
2  mM  L-glutamine,  and  100  ju,g/ml  penicillin-streptomycin.  Experiments  were 
performed  when  cells  were  approximately  80%  confluent. 

PCS  or  A431  cells  were  transfected  with  the  full-length  cDNA  encoding  human 
platelet-type  12-LOX  from  pCMV-12-LOX  (provided  by  Dr.  Colin  Funk,  Uni¬ 
versity  of  Pennsylvania)  or  empty  vector  and  characterized  as  described  in  detail 
previously  (6,  31).  Transfected  cells  were  taken  from  early  passages  and  main¬ 
tained  in  RPMI  1640  or  DMEN  containing  300  mg/ml  Geneticin  (G418;  Life 
Technologies,  Inc.)  to  prevent  outgrowth  of  revertant  cells. 

Cell  Proliferation/Survival  Assay.  Wild-type',  mock-transfected,  or  12- 
LOX-transfected  PC3  or  A431  cells  were  cultured  in  96-well  plates  at  a 
concentration  of  5  X  10^  cells/ml  under  serum-free  medium  (RPMI  1640  with 
0.1%  FBS)  for  0-7  days.  Assessment  of  cell  survival/proliferation  was  carried 
out  by  means  of  a  specific  nonradioactive  cell  proliferation  ELISA,  based  on 
the  measurement  of  BrdUrd  incorporation  during  DNA  synthesis  according  to 
the  manufacturer’s  instructions  (Roche  Diagnostics,  Mannheim,  Germany). 

Apoptosis  Assays.  Wild-type,  mock-transfected,  or  12-LOX-transfected 
PC3  or  A43 1  cells  were  cultured  in  75-cm^  flasks  at  a  concentration  of  3  X  10® 
in  serum-free  medium  (RPMI  1640  with  0.1%  FBS)  over  time  (0-7  days)  to 
induce  apoptosis.  Apoptosis  was  quantitated  on  an  Epics  II  flow  cytometer 
(Coulter,  Hialeah,  FL),  using  the  terminal  incorporation  of  fluorescein- 12- 
dUTP  by  Tdt  into  fragmented  DNA  according  to  the  manufacturer’s  instruc¬ 
tions  (Roche  Diagnostics),  as  reported  previously  (10). 

In  addition,  fragmented  DNA  was  extracted  using  the  NP40/RNase/SDS/ 
proteinase  K  method  as  described  previously  (32)  and  analyzed  on  a  1.2% 
agarose  gel. 

Western  Blot  Analysis  of  Integrin  Expression.  Total  cell  lysates  were 
prepared  for  each  of  the  wild-type,  neo-transfected,  or  12-LOX-transfected  cell 
lines.  Protein  (30  fxg)  was  fractionated  on  precast  SDS-PAGE  gels  and  then 
transferred  to  nitrocellulose  membranes.  After  incubation  for  1  h  in  blocking 
solution  containing  5%  skimmed  milk  dissolved  in  TBST,  blots  were  probed 
overnight  with  primary  antibodies  against  02^1,  1X2^1^  av)33,  or 

integrin  (1:1500  dilution  in  5%  milk).  After  this,  samples  were  washed  three 
times  in  TBST,  incubated  for  1  h  with  horseradish  peroxidase-conjugated  goat 
antimouse  IgG  (1:1000  in  TBST;  Amersham  Biosciences,  Piscataway,  NJ), 
and  washed  three  times  in  TBST,  and  bound  antibody  complex  was  visualized 
using  enhanced  chemiluminescence  (Pierce  Chemical  Co.).  Equal  loading  of 
samples  was  illustrated  by  Western  blotting  for  /3-actin,  a  constitutively  ex¬ 
pressed  protein. 

For  Western  analysis  of  membrane-associated  proteins,  cells  were  taken  at 
80%  confluence  and  suspended  in  homogenization  buffer  [25  mM  Tris-HCI 
(pH  7.6)  and  1  mM  EGTA  containing  5  mg/ml  aprotinin,  10  mg/ml  leupeptin, 
and  1  mM  phenylmethylsulfonyl  fluoride].  Cells  were  then  homogenized  by 
sonication  (15  s,  X3  on  ice;  Vibracell-Microtip)  with  intervals  of  3  min. 
Homogenates  were  centrifuged  at  10,000  X  g  for  1  h  at  4°C.  The  10,000  X  g 
supernatant  was  regarded  as  cytosol,  and  this,  along  with  the  10,000  X  g  pellet, 
was  rinsed  once  with  homogenization  buffer.  Thereafter,  the  reconstituted 
pellet  was  centrifuged  at  100,000  X  g  (1  h,  4°C),  and  the  pellet,  termed  the 
membrane  fraction,  was  suspended  in  lysis  buffer  and  used  immediately  for 
electrophoresis.  Protein  in  each  fraction  was  determined  by  the  Bradford 
method  using  BSA  as  standard. 

Flow  Cytometric  Analysis  of  Adhesion  Molecule  Expression.  Flow  cy¬ 
tometry  was  performed  for  the  analysis  of  integrin  receptors  as  described 
previously  (33).  Briefly,  cultured  PC3  or  A431  cells  (1  X  10®)  were  dissociated 
with  0.2  mM  EDTA,  washed  with  PBS,  and  then  fixed  in  3.7%  paraformalde¬ 
hyde  in  PBS  (pH  7.4).  Cells  were  then  incubated  in  20%  normal  goat  serum  to 
block  nonspecific  binding.  Subsequently,  cells  were  incubated  with  primary 
antibodies  [0.1  /i-g/ml  mouse  monoclonal  antibody  to  a£2pi> 
ttvPa,  or  (Chemicon,  Temecula,  CA)  or  1.0  fig/ml  polyclonal  antibody  to 


(Xy  or  a^Pi  (Chemicon)]  followed  by  a  1:1000  dilution  of  *FITC-labeled 
secondary  antibodies  (Invitrogen,  Carlsbad,  CA).  Finally,  cell  surface  fluores¬ 
cence  for  individual  integrin  receptors  was  analyzed  on  an  Epics  Profile  II  flow 
cytometer. 

avj35-Mediated  Adhesion  Assay.  To  support  the  results  obtained  by  flow 
cytometric  analysis,  the  expression  of  cx^p^  integrin  on  the  surface  of  cells  was 
determined  using  the  integrin-mediated  cell  adhesion  kit  according  to  manu¬ 
facturers  instructions  (Chemicon).  Briefly,  a  single  cell  suspension  was  pre¬ 
pared  nonenzymatically  by  incubating  the  cells  in  5  mM  EDTA  in  PBS  for  15 
min.  Thereafter,  cells  were  counted  on  a  Coulter  counter,  and  the  concentration 
was  adjusted  to  3  X  10^  cells/ml.  The  integrin-coated  and  control  strips  were 
rehydrated  with  200  jjlI  PBS/well,  and  100  /il  of  the  cell  suspension  were  added 
to  the  strips.  After  2  h  of  incubation  at  37°C  in  a  CO2  incubator,  the  cell 
solution  was  discarded,  and  the  plates  were  gently  washed  three  times  with 
PBS.  Cell  stain  solution  (100  p.1)  was  added  for  5  min,  washed,  and  then 
extracted  using  100  /xl  of  extraction  buffer.  The  concentration  of  bound  cells 
was  relative  to  the  level  of  surface  a^p^  expression  and  was  determined  as 
absorbance  at  570  nm  by  a  spectrophotometer. 

Antibody  Blocking  Studies.  To  establish  a  functional  role  for  individual 
integrin  receptors  in  12-LOX-mediated  apoptosis  resistance,  12-LOX-trans- 
fected  cells  were  serum-starved  in  the  presence  of  various  antibodies  to 
integrin  receptors  (outlined  in  the  'Western  blot  section).  Cell  survival  and 
apoptosis  48-72  h  after  starvation  were  evaluated  by  the  BrdUrd  cell  prolif¬ 
eration  assay  and  TUNEL  staining,  respectively.  Morphological  alterations 
were  recorded  on  a  phase-contrast  microscope. 

Treatment  with  12(5)-HETE  or  12-LOX  Inhibitors.  To  prove  that  12- 
LOX  is  responsible  for  the  increase  in  survival  and  a^p^  surface  expression  in 
both  cell  lines,  wild-type  cells  were  freated  with  100  nM  5(5)-HETE,  12(5)- 


A.  PC3 
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Fig.  1.  Quantitation  of  the  survival  of  PC3  (A)  or  A431  (B)  transfected  sublines 
cultured  after  serum  withdraw!,  as  determined  by  BrdUrd  incorporation  assay.  The  values 
are  expressed  as  the  percentage  of  cell  survival  compared  with  day  0  (at  which  time  the 
survival  was  considered  to  be  100%),  and  the  bars  represent  the  SE  derived  from  three 
independent  experiments.  12-LOX-transfected  PC3  (12-LOX  1  and  12-LOX  2)  and  A431 
cells  (12-LOX)  all  survived  significantly  longer,  under  serum-starved  conditions,  com¬ 
pared  with  either  wild-type  or  mock-transfected  (Neo  1)  controls,  in  each  cell  line.  *, 
P  <  0.05. 
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HETE,  15(5) 'HETE,  or  13(5)-HODE  (Cayman  Chemicals,  Ann  Arbor,  MI)  in 
serum-free  conditions  (0.1%  FBS),  and  survival  was  assessed  after  48  and  96  h 
by  BrdUrd  assay.  In  addition,  12-LOX-transfected  cell  lines  were  incubated 
with  fo  fLM  Baicalein  (Biomol,  Plymouth,  PA)  or  BHPP  (Biomide  Corp., 
Grosse  Pointe  Farms,  MI),  both  of  which  are  specific  12-LOX  inhibitors,  or  the 
5-LOX  inhibitor  Rev-5901  (Cayman  Chemicals)  for  48  h  in  serum-free  con¬ 
ditions. 

After  treatment,  cells  were  also  assessed  for  their  surface  expression, 
using  the  integrin-mediated  cell  adhesion  kit  described  previously.  Wild-type 
PC3  or  A431  cells  were  treated  with  5(5)-HETE,  12(5)-HETE,  15(5)-HETE,  or 
13(5)-HODE  24  h  before  the  adhesion  assay. 

RESULTS 

Overexpression  of  Platelet-type  12-LOX  in  PC3  and  A431  Cells 
Extends  Their  Survival  and  Delays  Apoptosis  in  the  Absence  of 
Serum.  Both  of  the  cell  lines  used  in  this  study  demonstrated  serum 
dependence  for  their  continued  growth.  Several  independent  experi¬ 
ments  revealed  that  the  survival  of  both  wild-type  and  neo-transfected 
PC3  cells  declined  steadily  after  24  h  of  serum  starvation  (Fig.  lA). 
Within  3  days  of  serum  withdrawal,  only  35-40%  of  wild-type  or 
neo-transfected  cells  were  viable,  compared  with  75-80%  of  12- 
LOX-transfected  cells.  Whereas  12-LOX-transfected  PC3  cells  cell 
did  display  a  gradual  decrease  in  cell  viability  over  time,  this  decrease 
was  much  slower  than  that  observed  in  either  wild-type  or  neo- 
transfected  cells.  At  all  points  after  3  days,  there  was  a  significantly 
extended  survivability  of  12-LOX-transfected  PC3  cells  (P  <  0.05). 

A431  cells  were  more  sensitive  to  serum  deprivation,  with  cell 
survival  reduced  dramatically  after  only  24  h  of  serum  starvation  (Fig. 


IB).  Within  4  days  of  serum  starvation,  all  wild-type  and  mock- 
transfected  cells  were  dead.  A431  cells  overexpressing  platelet-type 
12-LOX  demonstrated  a  significantly  extended  overall  survival 
{P  <  0.05)  compared  with  either  the  wild-type  or  mock-transfected 
A431  cells.  Cell  numbers  declined  steadily  after  2  days  of  serum 
starvation,  and  by  day  7,  approximately  20%  of  cells  were  viable.  The 
slope  of  decline  was  much  less  than  that  of  the  wild-type  cells.  By  day 
9,  all  of  the  cells  were  dead  (data  not  shown). 

Consistent  with  these  observations,  apoptosis  was  significantly 
(P  <  0,05)  reduced  in  the  12-LOX-overexpressing  clones  (Fig.  2,  A 
and  B).  Whereas  wild-type  and  mock-transfected  PC3  cells  showed  a 
rapid  and  steady  induction  of  apoptosis  after  serum  withdrawal,  the 
12-LOX-transfected  cells  displayed  a  delayed  apoptotic  response. 
Quantitation  of  apoptotic  nuclei  in  both  wild-type  and  neo-PC3  cells 
demonstrated  that  approximately  65%  were  apoptotic  by  day  4,  80% 
were  apoptotic  by  day  6,  and  essentially  100%  were  apoptotic  by  day 
8  after  serum  removal.  Representative  histograms  showing  the  per¬ 
centage  of  Tdt-RTC-positive  PC3  cells  at  day  0  (2.67%)  and  day  8 
(98.7%)  are  shown  in  Fig.  2,  C  and  D,  respectively.  In  sharp  contrast, 
12-LOX  clones  exhibited  only  15%  apoptosis  by  day  2,  maintaining 
this  low  level  until  day  6,  at  which  point  a  steady  increase  in  apoptosis 
was  observed  (Fig.  2A).  A43 1  cells  displayed  a  similar  response,  with 
.  rapid  induction  of  apoptosis  after  serum  starvation  in  both  wild-type 
and  mock-transfected  cells  (60%  and  50%,  respectively,  by  day  2), 
whereas  12-LOX-transfected  cells  were  significantly  more  resistant  to 
apoptosis  (14%  by  day  2).  These  results  were  confirmed  by  DNA 
fragmentation  assays.  12-LOX-transfected  PC3  (Fig.  2E)  or  A431 


Fig.  2.  12-LOX-overexpressing  cells  demonstrated  a  delayed  apoptotic  response  to  serum  starvation.  Apoptosis  was  quantitated  by  TUNEL  staining  in  PC3  (A)  or  A431  (B)  cells 
serum-starved  for  0-7  days.  Significant  apoptosis  was  observed  after  serum  starvation  in  wild-type  or  mock  transfectants  {Neo  J)  in  both  cell  lines,  compared  with  12-LOX  clones 
{12-LOX  1  or  J2-LOX-2;  P  <  0.05).  Representative  Tdt-FrrC%  histograms  are  shown  for  PCS  wild-type  cells  at  day  0  (Q  and  day  8  (D).  Apoptosis  Was  confirmed  by  DNA 
fragmentation  assays  in  PC3  cells  at  day  4  after  serum  withdrawal  (£)  and  in  A431  cells  at  2  days  after  serum  withdrawal  (F).  Lanes  1  and  9,  1-kb  ladder;  Lanes  2,  100-kb  ladder; 
Lanes  3-5,  mock- transfected  cells  {Neo  1)\  Lanes  6-8,  12-LOX-transfected  cells  {12-LOX  7).  It  is  obvious  that  the  12-LOX-transfected  cells  contain  less  frag¬ 
mented  DNA. 
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(Fig.  IF)  cells  displayed  less  fragmentation  of  DNA  compared  with 
mock-transfected  controls  after  serum  starvation  for  2  (A431  cells)  or 
4  days  (PCS). 

Expression  of  Integrins  in  Tumor  Cell  Lines  Determined  by 
Flow  Cytometry.  Overexpression  of  platelet-type  12-LOX  resulted 
in  a  more  spread  morphology  under  normal  culture  conditions  com¬ 
pared  with  neo-transfected  and  wild-type  cells,  as  observed  after  light 
microscopy  (data  not  shown).  Cell  anchorage  to  the  substratum  is 
mediated  by  cell  adhesion  to  the  ECM  proteins  through  integrin 
receptors;  therefore,  it  is  possible  that  12-LOX  overexpression  may 
modulate  the  expression/function  of  integrin  receptors  to  enhance  cell 
spreading.  We  examined  several  potential  integrins  and  adhesion 
molecules  in  wild-type  PCS  and  A4S1  cells  to  determine  which  ones 
are  expressed  endogenously.  Wild-type  PCS  cells  were  found  to 
express  high  levels  of  a2^i,  and  on  their  surface  (Fig.  S, 

E,  F,  A  and  H,  respectively),  as  indicated  by  a  shift  in  the  mean 
fluorescence  relative  to  controls.  A  lower  level  of  ay/33, 
and  tty/Sg  integrin  expression  was  observed  (Fig.  S,  G,  I,  J,  and  AT, 
respectively). 

A4S1  cells  expressed  high  levels  of  a2pi,  ^sPi^  and  jSj  on 
theif  surface  (Fig.  4,  E,  F,  G,  and  Z),  respectively),  with  lower  levels 


Fig.  3.  Endogenous  expression  of  integrins  in  PC3  carcinoma  cells  as  determined  by 
flow  cytometry.  Wild-type  PC3  cells  (A)  were  incubated  with  control  (B;  PBS)  or  rabbit 
IgG  (C;  1.0  .mg/ml)  or  various  primary  antibodies:  /3i  (Z>;  0.1  mg/ml);  a2^i  (E;  1.0 
mg/ml);  {F;  0.1  mg/ml);  (G;  0.1  mg/ml);  oty  (H;  0.1  mg/ml);  1-0 

mg/ml);  (J\  0.1  mg/ml);  or  CKy/Sg  (K;  0.1  mg/ml).  Cells  were  then  treated  with 
FITC-labeled  secondary  antibodies,  and  analysis  of  cell  surface  fluorescence  was  per¬ 
formed  by  flow  cytometry.  PC3  cells  express  moderate  levels  of  av^3,  ayPs* 

^5^]  integrin  receptors  and  high  levels  of  0213,,  03/3,,  and  p,,  indicated  by  a 
prominent  shift  in  (tie  mean  log  fluorescence  intensity  compared  with  controls. 


Fig.  4.  Endogenous  expression  of  integrins  in  A431  cells  as  determined  by  flow 
cytometry.  Wild-type  A431  cells  (A)  were  incubated  with  control  (B;  PBS)  or  rabbit  IgG 
(Cj  1.0  mg/ml)  or  various  primary  antibodies:  (D;  0.1  mg/ml);  020,  (B;  1.0  mg/ml); 
“3^1  (F;  0.1  mg/ml);  05^,  (G;  0.1  mg/ml);  (H;  0.1  mg/ml);  Oy^s  (/;  1.0  mg/ml);  Oy/Sj 
(/;  0.1  mg/ml);  or  OyjSe  (K\  0.1  mg/ml).  A431  cells  did  not  express  Oy^a  at  all  but 
expressed  moderate  levels  of  Oy,  tty/Ss,  and  Ofy/S^  integrin  receptors.  A431  cells  highly 
expressed  a2/3i,  cc^Pi,  and  /3,,  indicated  by  a  prominent  shift  in  the  mean  log 
fluorescence  intensity  compared  with  controls. 


of  a^,  a^Ps,  and  a^/Sg  integrins  (Fig,  4,  H,  7,  and  X,  respectively). 
A4S1  cells  did  not  express  integrin  a^p^  at  all  on  their  surface 
(Fig.  47),  as  indicated  by  no  shift  in  the  mean  log  fluorescence 
compared  with  cells  alone  (Fig.  4B)  or  cells  with  secondary  antibody 
only  (Fig.  4Q. 

Increased  Surface  Expression  of  ot^Ps  and  Integrins  in 
PCS  and  OyPs  in  A431  12-LOX-transfected  Tumor  Cells.  Under 
the  same  experimental  conditions,  flow  cytometric  studies  demon¬ 
strated  relatively  consistent  expression  levels  of  several  integrin  re¬ 
ceptors  such  as  (X2pir  ctsPu  Pu  between  PCS  wild-type 

and  12-LOX-transfected  cells  (Table  1).  However,  12-LOX-trans¬ 
fected  cells  demonstrated  a  consistent  increase  in  the  expression  of 
a^P^  (S. 2-fold)  and  a^p^  (S .0-fold)  as  compared  with  the  wild-type 
cells.  This  increase  is  easily  observed  as  a  shift  in  the  mean  log 
fluorescence  to  the  right  in  12-LOX-transfected  cells  relative  to  wild- 
type  cells. 

A431  wild- type  and  12-LOX-overexpressing  cells  displayed  simi¬ 
lar  relative  levels  of  0i2piy  Pv  their  surface 

(Table  2).  A431  cells  did  not  express  ayj33  integrin;  however,  12- 
LOX-transfected  cells  had  increased  surface  a^p^  integrin  (1.8-fold) 
relative  to  wild-type  or  neo-transfected  controls.  Interestingly,  there 
was  a  slight  drop  in  the  expression  of  both  p^  and  a2pi  integrins 


4261 


12-LIPOXYGENASE  ENHANCES  INTEGRIN  EXPRESSION 


Table  1  Integrin  expression  between  PCS  wild-type  and  12-LOX-transfected  cells 

Fold  increase 


Integrin 

PC3  wr* 

PC3  Neo 

PC3  12-LOX  Cl 

PC3  12-LOX  C2 

12-LOX  V5.  WT 

148.08  ±  10.38 

132.08  ±20.11 

245.9  ±  16.11 

219.4  ±  18.16 

2.1 

“2^1 

83.78  ±  3.64 

72.50  ±  3.35 

172.5  ±  8.29 

1.93 

Cty 

26.69  ±  2.02 

29.02  ±  5.21 

44.72  ±  8.21 

1.62 

25.09  +  4.11 

22.57  ±  2.15 

78.64  ±  4.03* 

71.61  ±  2.06* 

2.98 

41.71  ±  5.3 

37.56  ±4.15 

134.23  ±  6.03* 

145.63  ±  7.16* 

3.22 

50.97  ±  4.7 

62.62  ±  8.3 

87.60  ±  12.7 

74.10  ±  16.4 

1.64 

**  WT,  wild-type. 

*  Integrins  most  significantly  overexpressed. 


Table  2  Integrin  expression  between  A431  wild-type  and  12-LOX-transfected  cells 


Integrin 

A431  W-T 

A431  Neo 

A431 

12-LOX  Cl 

Fold  increase 
12-LOX  V.?. 
WT 

/3i 

118.45  ±  1.4 

123.15  ±  2.43 

106.23  ±  4,21 

0.86 

“2^1 

103.24  ±  2.23 

108.97  ±  8.45 

73.36  ±  10.29 

0.87 

78.45  ±  5.42 

79.02  ±3.21 

74.72  ±  5.2 

0.95 

44.67  ±  3.76 

44.97  ±  5.06 

49.08  ±  2.49 

1.09 

tty 

58.2  ±  5.28 

56.73  ±  5.15 

63.08  ±  3.03 

1.11 

“v/35 

17.46  ±  3.93 

18.86  ±  2,25 

32.09  ±  3.24* 

1.70 

«v^6 

51.25  ±  6.41 

48.17  ±5.8 

61.93  ±  7.6 

1.28 

°  WT,  wild-type. 

*  Integrin  most  significantly  overexpressed. 


(0.84-  and  0.68-fold,  respectively),  suggesting  that  the  expression  of 
subsets  of  integrins  may  be  lost  in  favor  of  other  integrins. 

Overexpression  of  in  PC3  and  A431  cells  transfected  with 
12-LOX  was  confirmed  by  means  of  an  integrin-mediated  adhesion 
assay  specific  for  (as  outlined  in  “Materials  and  Methods”)- 
Wild-type,  neo-transfected,  or  12-LOX-transfected  clones  were  ex¬ 
amined,  and  overexpression  of  12-LOX  resulted  in  significantly  more 
adhesion  to  the  plates  as  indicated  by  absorbance  (Fig.  5).  These 
results  prove  that  overexpression  of  12-LOX  results  in  increased 
surface  expression  of  in  both  PC3  and  A431  cells. 

Overexpression  of  12-LOX  in  PC3  or  A431  Tumor  Increases 
Membrane  Localization  of  Integrins  and  ot^fis  in  PC3  Cells 
and  in  A431  Cells.  Having  illustrated  that  overexpression  of 
12-LOX  increases  surface  expression  of  or  in  each  cell 
line,  we  next  evaluated  the  protein  expression  of  a  variety  of  integrins 
by  Western  blot.  012^1,  ttv*  expression  was  examined  in 

wild-type,  neo-transfected,  and  12-LOX-transfected  cells,  and  no  dif¬ 
ference  in  expression  was  observed  in  either  cell  line  (Fig.  6,  A  and  B). 
This  indicated  that  overexpression  of  12-LOX  did  not  alter  translation 
of  the  protein  but  rather  the  distribution  of  the  protein  from  intracel¬ 
lular  stores  to  the  membrane.  This  was  confirmed  by  Western  analysis 
of  the  membrane  fractions  of  wild-type  and  12-LOX-transfected  PC3 
cells  for  or  12-LOX-transfected  PC3  cells  expressed 

increased  membrane  levels  of  compared  with  either  wild-type  or 
neo-transfected  cells  (Fig.  6C).  Similarly,  membrane  expression  of 
ayl^s  was  clearly  increased  in  12-LOX-transfected  cells  compared 
with  either  wild-type  or  neo-transfected  cells  (Fig.  6D).  Clustering  of 
integrins  at  the  membrane  and  focal  adhesion  contacts  provides  a 
convergence  site  for  multiple  signaling  components  (15,  16),  which 
could  affect  the  survival  of  the  cells.  These  studies  suggest  that 
12-LOX-transfected  PC3  cells  may  rely  on  the  up-regulation  of 
or  integrin  or  both  to  maintain  their  adherence  to  the  substratum 
to  sustain  their  cell  survival.  Similar  results  were  observed  in  12- 
LOX-transfected  A431  cells  compared  with  wild-type  cells,  where 
membrane  expression  of  was  increased  (Fig.  6E). 

Integrins  ayP^  and  ayp^  Are  Important  Factors  for  12-LOX- 
transfected  Tumor  Cell  Survival  in  the  Absence  of  Serum.  Having 
examined  the  expression  of  a  number  of  integrins  on  both  PC3  and 
A431  cells  and  shown  that  overexpression  of  12-LOX  increased 


surface  expression  of  ayP^  (PC3)  and  (A431  and  PC3),  we  next 
examined  which  one(s)  plays  a  causal  role  in  sustaining  cell  survival 
during  serum  deprivation.  12-LOX-transfected  cells  were  serum- 
starved  in  the  presence  of  PBS  (as  control)  or  an  antibody  to  cK2i3i, 
oisPi,  o£v>  OT  After  2  days  of  serum  with¬ 

drawal,  control  12-LOX-transfected  PC3  cells  demonstrated  typical 
spread  morphology.  In  sharp  contrast,  the  survival  of  12-LOX-trans- 
fected  PC3  cells  was  significantly  reduced  when  cells  were  serum- 
starved  in  the  presence  of  monoclonal  anti-ayj33  or  anti-a^Ps  anti¬ 
body,  and  a  combination  of  both  antibodies  had  an  additive  effect 
(Fig.  lA).  In  the  presence  of  0.01  /ig/ml  anti~OLyp^  or  anti-Q:yj85, 
pCMV- 12-LOX  PC3  cells  underwent  remarkable  morphological 
changes  consistent  with  apoptosis  and  were  significantly  (P  <  0.05) 
more  apoptotic  than  controls,  as  determined  by  TUNEL  staining  and 
fluorescence-activated  cell-sorting  analysis.  In  contrast,  12-LOX  PC3 
cells  did  not  appear  to  be  dependent  on  integrins  a2Pi,  0:5/31, 
oty,  or  otyP^  for  maintaining  survival  under  serum-free  conditions 
because  pretreatment  with  the  respective  antibodies  did  not  affect 
either  the  survival  or  apoptosis  of  the  cells  (Fig.  7A). 

Similar  results  were  observed  in  A431  cells  overexpressing  12- 
LOX,  with  anti-tty j35  dramatically  reducing  the  survival  of  12-LOX- 
transfected  cells  (Fig.  IB)  and  resulting  in  significant  apoptosis  of 
these  cells  relative  to  untreated  controls,  an  effect  that  was  not 
observed  when  any  of  the  other  integrins  were  blocked.  These  data 
indicate  that  integrin  OyP^  and,  in  the  case  of  PC3  cells,  integrin  tty/33 
play  a  critical  and  functional  role  in  supporting  the  survival  of  12- 
LOX-transfected  cells  in  the  absence  of  serum. 

12(5)-HETE  Increases  the  Survival  and  Expression  of  ayPs  in 
PC3  and  A431  Cells.  In  a  final  subset  of  experiments,  having  shown 
that  overexpression  of  12-LOX  in  two  different  cell  lines  prolonged 
survival  and  enhanced  surface  ayp^  integrin  expression,  we  investi¬ 
gated  whether  the  end  product  of  12-LOX  metabolism,  12(5)-HETE, 
would  have  similar  effects  in  wild-type  cells.  Wild-type  PC3  or  A431 


Fig.  5.  12-LOX-transfected  A431  and  PC3  cells  exhibit  increased  a^/Ss-mediated 
adhesion.  PC3  or  A431  wild-type,  neo-transfected,  or  12-LOX-transfected  cells  were 
seeded  on  a^jSs-specific  adhesion  plates  as  outlined  in  “Materials  and  Methods.”  In  both 
PC3  and  A431  cells,  12-LOX-transfected  cells  had  significantly  increased  adhesion  to  the 
plates,  confirming  increased  surface  expression  of  the  Oy/Sj  integrin.  ♦,  P  <  0.01. 
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and  A431  cells  (60%  compared  with  41%;  Fig.  8B)  under  serum- 
starved  conditions.  At  similar  concentrations,  5(5)-HETE,  15(5)- 
HETE,  or  13(5)-HODE  had  no  effect  on  the  survival  of  either , cell 
line.  Separately,  PC3  and  A431  cells  overexpressing  12-LOX  were 
treated  with  10  fiu  of  the  specific  12-LOX  inhibitors  Baicalein  or 
BHPP  or  a  specific  5-LOX  inhibitor,  Rev-5901,  for  48  h.  Inhibition  of 
12-LOX  with  either  inhibitor  resulted  in  a  significant  decrease  in  the 
survival  of  both  PC3  (Fig.  8C)  and  A431  (Fig.  8Z))  cells  overexpress¬ 
ing  12-LOX.  Most  importantly,  inhibition  of  5-LOX  did  not  alter  the 
survival  of  either  cell  line.  The  two  12-LOX  inhibitors  used  were 
structurally  different,  and  the  same  results  were  observed  with  either 
inhibitor,  eliminating  the  possibility  of  separate  effects  unrelated  to 
12-LOX  inhibition. 

In  a  separate  experiment,  we  examined  the  effect  of  each  treatment 
on  surface  expression  by  examining  the  attachment  of  wild-type 
PC3  or  A431  on  ay/Bg-mediated  adhesion  kits  after  treatment.  12(5)- 
HETE  (100  hm)  resulted  in  a  significant  increase  in  the  number  of 
cells  attached  to  the  plates  in  both  PC3  (Fig,  9A)  and  A431  cells  (Fig. 
9B).  In  contrast,  treatment  with  5(5)-HETE  had  no  effect,  and  15(5)- 
HETE  or  13(5)-HODE  appeared  to  slightly  reduce  attachment  to  the 
plates,  although  this  was  not  significant.  These  results  confirm  con¬ 
clusively  that  the  end  product  of  12-LOX  metabolism,  12(5)-HETE, 
regulates  both  the  survival  and  surface  expression  of  integrin  on 
PC3  and  A431  cells. 


A431  A431 

mx>x 


OvfVS 

^actin 


Fig.  6.  Western  blot  analysis  of  integrin  expression  in  PC3  (A)  or  A431  cells  (B).  Total 
cell  lysates  were  prepared  from  wild-type,  neo-transfected  (Neo),  and  12-LOX-transfected 
clones.  Expression  of  0(2^1*  was  determined  in  both  PC3  and  A431  cell  lines. 

Expression  of  ^-actin  was  determined  as  a  control  on  cellular  loading.  There  was  no 
difference  in  the  expression  of  any  of  the  analyzed  integrins,  indicating  that  12-LOX  did 
not  alter  integrin  expression  at  the  translational  level.  C,  increased  membrane  expression 
of  integrin  in  12-LOX-transfected  PC3  cells.  Membrane  fractions  were  isolated  and 
examined  by  Western  analysis.  D,  increased  membrane  expression  of  in  PC3  cells 
after  transfection  with  12-LOX.  E,  increased  membrane  expression  of  in  A431  cells 
after  transfection  with  12-LOX. 


cells  were  grown  in  96-well  plates  in  the  absence  of  serum  treated 
with  100  DM  5(5)-HETE,  12(5)-HETE,  15(5)-HETE,  or  13(5)-HODE 
every  12  h  for  48  h.  Treatment  with  12(5)-HETE  resulted  in  signifi¬ 
cantly  greater  survival  of  both  PC3  (85%  compared  to  58%;  Fig.  8A) 


DISCUSSION 

The  AA-metabolizing  enzyme  12-LOX  is  a  key  regulator  of  tumor 
growth.  This  pathway  has  been  implicated  in  tumor  cell  proliferation 
and  motility,  the  regulation  of  apoptosis,  and  tumor  angiogenesis 
(7“10).  Platelet-type  12-LOX  is  actively  expressed  in  the  prostate 
cancer  PC3  cell  line  (34)  and  is  actively  expressed  at  higher  levels  in 
the  epidermoid  A431  cell  line  (31).  In  this  study,  we  report  that 
overexpression  of  platelet-type  12-LOX  decreases  cell  apoptosis  in¬ 
duced  by  serum  starvation  and  extends  the  survival  of  these  two 
characterized  tumor  cell  lines.  The  prolonged  survival  of  the  cells  was 
not  a  result  of  increased  cell  proliferation  (data  not  shown)  but  was 
due  to  an  intrinsic  property,  which  rendered  them  less  susceptible  to 
apoptosis.  Transfection  with  12-LOX  in  either  cell  line  resulted  in  a 
more  spread  morphology  compared  with  either  wild-type  or  mock- 
transfected  cells,  even  under  normal  culture  conditions. 

As  late  as  4  days  after  semm  withdrawal,  when  70%  of  wild-type 
and  mock-transfected  PC3  cells  were  apoptotic,  the  majority  (80%)  of 
the  pCMV-12-LOX-transfected  PC3  cells  were  still  adherent  and 
viable.  Similar  results  were  observed  in  A431  cells,  with  significant 
apoptosis  as  early  as  2  days  after  serum  deprivation  compared  with 
12-LOX-transfected  cells.  Decreased  apoptosis  in  PC3  and  A431  cells 
overexpressing  12-LOX  relative  to  mock-transfected  controls  was 
confirmed  by  DNA  laddering.  Invariably,  cells  would  first  round  up 
and  detach  from  the  substratum  (i.e„  culture  flasks)  before  becoming 
morphologically  and  biochemically  apoptotic.  Indeed,  even  under 
normal  growth  conditions,  12-LOX-transfected  PC3  and  A431  cells 
exhibited  a  more  spread  morphology  in  culture,  an  effect  that  could  be 
seen  to  a  greater  extent  when  the  cells  were  serum-starved  for  4  days. 
In  each  case,  whereas  the  majority  of  wild-type  or  mock-transfected 
cells  would  detach  from  the  substratum,  the  12-LOX-transfected  cells 
remained  attached  and  more  extended  in  shape.  This  observation 
suggests  that  in  both  cell  lines  examined,  the  more  spread  12-LOX- 
transfected  cells  may  possess  a  stronger  adherence  to  the  ECM,  which 
would  allow  them  to  survive  longer  in  the  absence  of  trophic  factors. 
This  would  be  consistent  with  previous  studies  proposing  that  cells 
which  extend  themselves  over  a  large  surface  area  survive  better  and 
proliferate  faster  than  cells  with  a  more  rounded  shape  (35). 
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Fig.  7.  Integrins  and  are  important  for  the  survival  of 
12-LOX-transfected  cancer  cells  in  the  absence  of  serum.  Survival  of 
12-LOX-transfected  PC3  or  A431  cells  was  examined  by  BrdUrd 
incorporation,  and  apoptosis  was  determined  by  TUNEL  staining. 
12-LOX-transfected  PC3  (A)  or  A431  cells  (B)  were  serum-starved  for 
2  days  in  the  presence  of  various  antibodies  directed  against  different 
integrins.  Results  are  expressed  as  the  percentage  of  cell  survival  or 
apoptosis,  and  the  mean  ±  SD  was  derived  from  three  independent 
experiments.  Treatment  with  anti-ofy/Ss  resulted  in  a 

significant  decrease  in  PC3  (12-LOX)  cell  survival  (*,  P  <  0.05)  and 
increased  apoptosis  (#,  P  <  0.05)  compared  with  controls,  and  this 
effect  was  greater  when  a  combination  of  the  two  antibodies  was  used 
(P  <  0.02;  P  <  0.01).  Anti-ttv/Ss  significantly  decreased  survival  (*, 
P  <  0.02)  and  increased  apoptosis  (#,  P  <  0.02)  of  A431  (12-LOX) 
cells  compared  with  untreated  controls. 


Corn  anti-  anti-  anti-  anti-  anti-  anti-  anti-  anti- 

a2pl  a3pl  a5pl  av  avp3  avp5  avp6  avp3/avp5 


Cell  shape  is  maintained  mostly  by  cell-cell  and  cell-matrix  inter¬ 
actions,  as  well  as  by  intracellular  cytoskeletal  structures  that  are 
physically  linked  to  cell-matrix  interaction  sites  at  subcellular  struc¬ 
tures  termed  focal  adhesions.  Integrins  are  the  major  cell  surface 
receptors  mediating  cell-substrate  adhesions.  The  disruption  of  the 
integrin-mediated  adhesion  has  consistently  been  shown  to  induce 
anoikis  (apoptosis  as  a  result  of  loss  of  anchorage),  and  various 
integrin  molecules  play  an  important  role  in  supporting  cell  survival. 
Integrin  is  one  of  the  most  studied  and  has  been  implicated  in  the 
survival  of  human  vascular  endothelial  (36)  and  embryonic  kidney 
cells  (21),  as  well  as  in  the  survival  of  melanoma  (37)  and  lymphoid 
tumor  cells  (38).  Similarly,  several  jSj  integrins  (e.g.,  a2pi» 
a^Pi)  have  been  shown  to  mediate  the  survival  of  a  variety  of  cell 
types  (19,  39-41),  whereas  the  integrin  subunit  has  been  shown  to 
suppress  apoptosis  of  colon  carcinoma  cells  induced  by  serum  depri¬ 
vation  (42). 

Wild-type  PC3  cells  expressed  or  Pi  ^®ir 

predominant  integrin  receptors.  These  cells  also  expressed  lower 
levels  of  integrin  asjSj,  otyPs,  and  on  their  surface.  PC3 
cells  overexpressing  12-LOX  demonstrated  a  significant  increase  in 
their  surface  expression  of  integrins  ayj33  and  a^Ps,  whereas  the 
expression  of  other  integrin  receptors  examined  by  flow  cytometry 
was  unaltered.  These  observations  were  confirmed  by  immunofluo¬ 
rescence  staining  and  by  means  of  integrin-specific  adhesion  assays. 
These  results  suggested  that  ^vPs  potential  survival 

factors  for  pCMV- 12-LOX  PC3  cells  cultured  in  the  absence  of 


serum.  Two  subsequent  lines  of  experimental  evidence  support  this 
hypothesis.  First,  in  the  12-LOX-overexpressing  PC3  cells,  membrane 
expression  of  was  increased  relative  to  that  in  wild- 

type  or  neo-transfected  cells.  This  increased  expression  at  the  cell 
surface  would  presumably  mediate  tighter  cell-matrix  adhesions  and 
contribute  to  a  more  spread  morphology  in  culture.  Second,  and  more 
importantly,  a  definite  cause  and  effect  relationship  was  established 
between  the  increased  surface  integrin  expression  and  survival.  12- 
LOX-transfected  PC3  cells,  when  serum-starved  in  the  presence  of  a 
monoclonal  antibody  to  or  (x^ps*  demonstrated  a  significantly 
reduced  survivability,  which  was  similar  to  that  of  wild-type  and 
mock-transfected  PC3  cells.  Dramatically,  the  12-LOX-overexpress¬ 
ing  PC3  cells  treated  with  anti-a^jSg  antibody  formed  large  clusters 
and  aggregates,  in  which  the  majority  of  cells  rounded  up  and  under¬ 
went  apoptosis  by  day  2.  This  effect  was  greater  when  a  combination 
of  anti-tty^g  and  anti-a^iBs  was  used.  In  addition  the  effect  was  shown 
to  be  receptor  specific  because  antibodies  to  several  other  integrin 
receptors  were  ineffective  in  altering  survival.  Our  results  suggest  a 
common  characteristic  of  these  integrins,  Le,,  regulating  the  survival 
of  PC3  cells  under  serum-deprived  conditions. 

In  the  epidermoid  A431  tumor  cell  line,  a  high  basal  expression  of 
j3i-associated  integrins  (namely,  jSj,  (X2pv  ^sPu  “sPi)  was 
observed.  Lower  expression  of  a^,  a^Ps,  and  a^p^  was  observed.  This 
cell  line  did  not  express  the  a^p^  integrin.  Overexpression  of  12-LOX 
resulted  in  increased  surface  expression  of  a^p^  integrin,  with  little 
effect  on  any  of  the  other  integrins  examined.  Interestingly,  we  did 
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Fig.  8.  The  end  product  of  12-LOX  metabolism,  12(iS)-HETE,  increased  the  survival  of  wild-type  PC3  (A)  or  A431  (B)  cells  under  serum-starved  conditions.  Wild-type  cells  were 
grown  for  48  h  in  the  absence  of  serum  and  treated  with  100  nM  5(5)-HETE,  12(5)-HETE,  15(5)-HETE,  or  13(5)-HODE  at  12-h  intervals.  Survival  was  assessed  by  BrdUrd  assay 
(“Materials  and  Methods”).  Treatment  with  12(S)-HETE  significantly  increased  the  survival  of  either  PC3  or  A431  cells,  whereas  other  treatments  did  not.  *,  P  <  0.05.  In  addition, 
12-LOX-transfected  PC3  (Q  or  A431  (D)  cells  were  grown  for  48  h  under  serum-starved  conditions  and  treated  separately  with  10  ^  Baicalein  or  BHPP,  two  specific  12-LOX 
inhibitors,  or  with  a  specific  5-LOX  inhibitor,  Rev-5901.  Both  12-LOX  inhibitors  dramatically  reduced  the  survival  of  12-LOX-transfected  cells,  whereas  the  5-LOX  inhibitor  had  no 
effect.  P  <  0.05. 


observe  a  slight  drop  in  the  expression  of  both  J8i  and  a!2pi  integrins 
in  A431  cells,  which  suggests  that  the  expression  of  subsets  of 
integrins  may  be  lost  in  favor  of  other  integrins.  This  has  been 
reported  previously  in  the  case  of  breast  cancer,  where  a2Pi  and 
expression  was  lost  in  favor  of  and  expression  in  neoplastic 
tissue  compared  with  normal  epithelium  (43). 

Consistent  with  the  previous  results  observed  in  PC3  cells,  treat¬ 
ment  of  A431  cells  overexpressing  12-LOX  with  neutralizing  anti¬ 
body  to  0^)85  resulted  in  significant  apoptosis  and  dramatically  re¬ 
duced  survival  of  these  cells  under  serum-starved  conditions. 
Neutralizing  antibodies  to  other  integrins  did  not  affect  the  survival  of 
the  12-LOX-transfected  cells.  Interestingly,  an  antibody  to 
which  was  abundantly  expressed  on  A431  cells,  also  did  not  reduce 
the  survival  of  pCMV- 12-LOX  A431  cells,  although  this  receptor  has 
frequently  been  implicated  in  the  survival  of  many  other  cell  types 
(19,  44-46).  It  is  possible  that  mediates  basal  cell  adhesion 
instead  of  providing  a  survival  signal  in  that  cell  system.  In  either 
case,  the  fact  that  overexpression  of  platelet- type  12-LOX  in  two 
tumor  cell  lines  of  different  histological  origin  results  in  enhanced 
expression  of  the  same  integrin  implies  a  general  phenomenon  of 
12-LOX  regulating  a  specific  subset  of  integrins.  Integrins 

have  been  shown  to  regulate  cell  migration;  however,  unlike 
a!vj35-mediated  cell  spreading  and  migration  require  activation 
of  protein  kinase  C  (46). 

The  stable  end  product  of  platelet-type  12-LOX  metabolism,  12(5)- 
HETE,  is  a  well-established  protein  kinase  C  activator  (47)  and,  more 
importantly,  has  been  shown  to  increase  the  surface  expression  of 
ttvPa  integrin  on  CD  clone  3  endothelial  cells  (28),  Interestingly,  we 
have  demonstrated  previously  (48)  that  12(5)-HETE  extended  the 


survival  of  rat  Walker  W256  cells  cultured  in  the  absence  of  serum.  In 
this  study,  we  confirmed  the  effects  of  12-LOX  overexpression  in 
both  cell  lines  by  treating  wild-type  PC3  or  A431  cells  with  12(5)- 
HETE  to  examine  whether  this  provided  a  survival  advantage  in  both 
cell  lines.  As  expected,  treatment  with  12(5)-HETE,  and  not  other 
LOX  metabolites,  Le.,  5(5)-HETE,  15(5)-HETE,  or  13(5)-HODE, 
resulted  in  significantly  more  viable  cells  compared  with  controls.  In 
addition,  12(5)-HETE  increased  the  surface  expression  of 
wild-type  cells,  as  illustrated  by  an  integrin-mediated  adhesion  assay, 
an  effect  that  was  not  observed  when  cells  were  treated  with  the  other 
LOX  metabolites.  Also,  treatment  of  PC3  or  A43 1  cells  overexpress¬ 
ing  platelet-type  12-LOX  with  inhibitors  of  12-LOX  (Baicalein  or 
BHPP)  resulted  in  a  significant  reduction  in  the  survival  of  either  cell 
line,  whereas  the  selective  5-LOX  inhibitor  Rev-5901  had  no  effect. 
We  have  demonstrated  previously  (10)  that  inhibition  of  12-LOX  with 
either  of  these  structurally  different  inhibitors  induces  cell  cycle  arrest 
and  apoptosis  in  two  prostate  cancer  cell  lines.  Our  results  suggest  that 
a  more  general  phenomenon  may  be  observed  because  survival  and 
apoptosis  of  an  epidermal  tumor  cell  line,  A431,  was  also  regulated  by 
12-LOX  and  its  end  product,  12(5)-HETE. 

In  summary,  these  results  demonstrate  that  the  12-LOX  pathway  of 
AA  metabolism  is  a  critical  regulator  of  cell  survival  and  apoptosis  in 
both  prostate  PC3  and  epidermal  A431  tumor  cell  lines.  Enforced 
expression  of  this  enzyme  specifically  increased  the  expression  and 
membrane  localization  of  and  a^p^  integrin  in  PC3  cells  and 
ofyjSs  in  A431  cells.  Enhanced  expression  of  these  integrins  was 
shown  to  confer  a  survival  advantage  on  these  cells,  delaying  apo¬ 
ptosis  as  a  result  of  serum  deprivation.  Therefore,  the  inhibition  of 
12-LOX  is  a  potential  therapeutic  approach  in  the  treatment  of  met- 
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Fig.  9.  12(S)-HETE  increases  the  ttv^s-mediated  adhesion  of  wild-type  PC3  (A)  or 
A431  (5)  cells.  Wild-type  cells  were  treated  with  100  nM  5(iS)-HE'IE,  12(5)-HETE, 
15(5)-HETE,  or  13(5)-HODE  for  24  h  (at  12-h  intervals).  Adhesion  via  was  assessed 
by  means  of  a  commercial  adhesion  assay  (“Materials  and  Methods”),  and  results  were 
expressed  as  absorbance.  Treatment  with  12(5)-HETE  significantly  increased  the  adhesion 
of  either  PC3  or  A431  cells  to  the  plates,  whereas  other  treatments  did  not.  *,P<  0.05. 


astatic  disease.  It  is  likely  that  treatments  aimed  at  inhibiting  12-LOX 
activity  should  improve  the  efficacy  of  conventional  treatments  aimed 
at  inducing  tumor  cell  apoptosis,  such  as  chemotherapy  and/or  radi¬ 
ation  therapy. 
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The  metabolism  of  arachidonic  acid  (AA)  leads  to  the 
generation  of  biologically  active  metabolites  that  have  been 
implicated  in  cell  growth  and  proliferation,  as  well  as  survival 
and  apoptosis.  We  have  previously  demonstrated  that  rat 
Walker  256  (W256)  carcinosarcoma  cells  express  the  plate* 
let-^pe  12-lipoxygenase  (12-LOJQ  and  synthesize  I2(S)-  and 
1 5(S)*rlETE  as  their  major  LOX  metabolites.  Here  we  show 
that  Walker  256  cells  also  express  leukocyte-type  i2-LOX 
md  that  its  overexpression  in  these  cells  significantly  extends 
their  survival  and  delays  apoptosis  when  cells  are  cultured 
under  serum-free  conditions.  Under  serum-free  conditions, 
the  expression  of  leukocyte-type  12-LOX  is  upregulated.  12- 
^^^“transfected  W256  cells  had  a  more  spread  morphology 
In  culture  compared  with  wild-type  or  mock-transfected 
cells.  Examination  of  W256  cells  showed  that  the  cells  ex¬ 
pressed  a  number  of  Integrins  on  their  surface.  Overexpres¬ 
sion  of  12-LOX  enhanced  the  surface  expression  and  focal 
adhesion  localization  of  integrin  avps,  while  not  affecting 
other  integrins.  Also,  the  1 2-LOX-transfected  W256  cells 
exhibited  higher  levels  of  microfilament  content.  Treatment 
of  cells  with  monoclonal  antibody  to  avps  or  cytochalasin  B 
(a  microfilament-disruptIng  agent),  but  not  antibodies  to 
other  integrin  receptors,  resulted  in  significant  apoptosis, 
characterized  by  rapid  rounding  up  and  detachment  from  the 
substratum.  These  results  show  that  the  12-LOX  pathway  is 
a  regulator  of  cell  survival  and  apoptosis,  by  affecting  the 
expression  and  localization  of  the  ctvps  integrin  and  actin 
microfilaments  in  Walker  256  cells. 

©  2003  Wiley-Liss,  Inc. 
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Lipoxygenases  constitute  a  family  of  lipid-perqxidizing  en¬ 
zymes  that  metabolize  ^achidonic  acid  (AA)  to  biologically  active 
metabolites,  including  hydroxyeicosatetraenoic  acids  (HETEs).i 
12-Lipoxygenase  (12-LOX)  is  1  of  at  least  3  lipoxygenases  that  is 
expressed  as  2  main  isoforms,  a  platelet-type  cloned  from  human 
platelets^  and  a  leukocyte-type  from  porcine  leukocytes,  which 
shares  65%  homology  with  the  platelet-type  cDNA.3  Several  lines 
of  evidence  implicate  platelet- type  12-LOX  as  a  regulator  of 
human  cancer  development.  It  is  overexpressed  in  a  variety  of 
tumors  including  breast,"*  colorectal^  and  prostate  cancer^  and  has 
been  shown  to  be  present  in  a  number  of  cancer  cell  lines.'^-^  In 
addition,  we  have  previously  described  the  involvement  of  12- 
LOX  in  tumor  metastasis,  as  pretreatment  of  prostate  cancer  cells 
in  vitro  with  inhibitors  to  12-LOX  blocked  their  abihty  to  form 
lung  colonies  after  tail-vein  injection,^®  whereas  overexpression  of 
12-LOX  increased  angiogenesis  and  metastatic  growth  in  mice.^’ 
However,  whether  these  observations  are  specific  to  the  platelet 
form  of  the  enzyme  or  constitute  a  more  general  phenomenon  is 
unknown. 

The  ability  of  tumors  to  invade  beyond  hemostatic  boundaries 
and  form  metastatic  colonies  requires  the  complex  interplay  of 
various  cell  surface-associated  components  regulating  the  proteo¬ 
lytic  dismption  of  the  extracellular  matrix  (ECM)  and  the  modi¬ 
fication  of  cell  adhesion  properties.*^  These  cell-ECM  interactions 
are  mediated  by  integrins,  a  family  of  adhesive  receptors  that 
mediate  the  attachment  of  the  cell  to  both  structural  and  matrix- 


munobilized  proteins  to  promote  cell  survival,  proliferation  and 
migration.  *2.13  integrins  perform  a  well-documented  function  in 
cellular  invasion  and  metastasis. *"*-*5  Nonligated  integrins  are  gen¬ 
erally  spread  diffusely  over  the  cell  surface  with  no  apparent 
linkage  to  the  actin  cytoskeleton.  However,  when  ligated,  integrins 
frequently  cluster  into  specialized  stmctures  called  focal  adhesion 
complexes  (FACs),  thereby  providing  a  convergence  site  for  mul¬ 
tiple  signaling  components,*^.*^  while  physically  linking  the  re¬ 
ceptors  to  the  actin  filaments.  *2.18  Ligand  binding  to  integrins 
triggers  a  number  of  signaling  pathways,  some  of  which  are 
primarily  related  to  cell  adhesion,  whereas  others  are  providing 
survival  signals  to  cells.  For  example,  prevention  of  cell  adhesion 
to  the  ECM  will  trigger  apoptosis  in  various  cells,  in  particular 
epithelial  cells,i^-2*  suggesting  that  integrin-mediated  cell  adhe¬ 
sion  relays  important  survival  signals  to  the  cells.  Conversely, 
attachment  or  adhesion  to  the  basement  membrane  or  individual 
ECM  components  has  been  shown  to  promote  cell  differentiation 
and  extend  cell  survival  under  various  experimental  condi¬ 
tions  .22-25 

Previous  studies  have  indicated  a  role  for  arachidonic  acid 
metabolism  in  cell-matrix  interactions  and  integrin  signaling.  For 
example,  inhibition  of  cyclooxgenase-2  (COX-2),  by  nonsteroidal 
^tiinflammatory  drugs  (NSAIDs),  blocks  both  platelet  aggrega¬ 
tion  by  suppressing  activation  of  integrin  anp326  and  endothelial 
cell  migration  by  suppressing  activation  of  avp3  integrin.27  other 
studies  have  reported  the  role  of  lipoxygenases,  in  particular  12- 
LOX,  in  the  regulation  of  surface  integrin  expression.  For  exam¬ 
ple,  adhesion  of  B16  murine  melanoma  cells  to  microvascular 
endothelial  cells  was  enhanced  by  pretreatment  of  the  endothelial 
cells  with  the  12-LOX  product  12(S)-HETE,  via  upregulation  of 
avp3  integrin  expression.28  In  the  same  cell  line,  ligation  of 
allbp3  integrin  induced  12(S)-HETE  production,29  implying  co- 
regulation  of  integrin  expression  and  lipoxygenase  activity  in  these 
cells.  Similarly,  12(S)-HEra  treatment  of  human  endothelial  cells 
enhanced  monocyte  adhesion  through  increased  very  late-acting 
antigen-4  (VLA-4)  integrin  expression.^®  Indeed,  recently  we  have 
reported  the  interaction  of  platelet-type  12-LOX  with  a  number  of 
cellular  proteins,  including  the  integrin  P4  subunit,  determined  by 
yeast  2-hybrid  screening.^*  The  above  observations  establish  a 
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potential  relationship  between  lipid-regulated  adhesive  functions 
and  cellular  responses  to  apoptosis  induction. 

Here  we  examine  the  effect  of  leukocyte-type  12-LOX  in  W256 
tumor  cell  survival.  The  results  show  that  W256  cells  express 
leukocyte-type  12-LOX  and  that  its  overexpression  enhances  the 
surface  expression  as  well  as  the  focal  adhesion  localization  of 
integrin  receptor  avp5.  Also,  12-LOX-overexpressing  W256  cells 
exhibit  higher  levels  of  microfilament  content.  Together,  these 
alterations,  through  a  calphostin-C-sensitive  mechanism,  led  to  a 
more  spread  morphology  of  the  cells  and  extended  their  survival  in 
the  absence  of  serum. 


MATERIAL  AND  METHODS 
Examination  of  W256  cells  expressing  leukocyte-type 
12-lipoxygenase  by  RT-PCR  and  sequencing 

Total  RNA  was  isolated  from  W256  cells  and  using  the  V  Race 
Kit  from  Gibco  (Rockville,  MD)  according  to  the  manufacturer’s 
instructions.  cDNA  was  prepared  by  standard  reverse  transcription 
using  2  and  4  jjig  RNA  per  reaction.  Then,  using  2  jxl  of  the 
resulting  cDNA  a  PCR  reaction  was  performed  using  the  following 
primers:  ML-12LOX  5  (TTTGACAAGGTGATGAGCACA)  and 
ML-12LOX  6  (ACTGATTAGGATTGGGCAGCG)  at  0.25  fig/ 
reaction.  The  PCR  conditions  were  as  follows:  94°C  for  5  min  and 
then  94°C  for  45  sec,  56X  for  1  min,  72°C  for  1.5  min  X35 
cycles,  followed  by  extension  at  72°C  for  5  min.  After  these  first 
35  cycles,  we  took  1  pi  of  this  reaction  and  used  it  as  the  template 
for  an  additional  35  cycles  using  the  same  PCR  program.  The 
resulting  samples  were  run  on  a  2%  agarose  gel,  the  band  was 
excised  and  DNA  was  isolated  using  a  Quiagen  (Chatsworth,  CA) 
Gel  Extraction  Kit.  The  resulting  DNA  was  then  sent  for  sequenc¬ 
ing  to  the  Wayne  State  University  Biological  Science  core  facility. 

Transfection  of  W256  cells  overexpressing  the  leukocyte-type 
12-LOX 

Approximately  1  X  10^  W256  cells  were  cultured  in  MEM 
supplemented  with  10%  FBS  (Life  Technologies,  Bethesda,  MD). 
Cells  were  cotransfected  with  either  4  fxg  of  PEG-purified  i^MV- 
12-LOX  [pcDNA-MS/L,  driven  by  a  CMV  promotor  (mouse  leu¬ 
kocyte  12-LOX  expression  vector),  kindly  provided  by  Dr.  C. 
Funk,  University  of  Pennsylvania,  Philadelphia,  PA]^^  and  2  ftg  of 
pCMV-neo,  or  control  vector  (pCMV-neo)  alone  in  serum-free 
media  (Opti-MEM,  Gibco)  containing  10  |JLg/ml  Lipofectin  (Life 
Technologies).  After  4  hr,  the  transfection  medium  was  removed 
and  the  flasks  were  replenished  with  MEM  containing  10%  FBS 
for  an  additional  48  hr.  Subs^uently,  800  fxg/ml  G418  (Life 
Technologies)  was  added  and  individual  resistant  cells  were  se¬ 
lected  and  propagated  with  the  limiting  dilution  method  in  96-well 
culture  plates.  The  resistant  clones  were  then  cultured  in  MEM 
with  10%  FBS  supplemented  with  400  |xg/ml  G418. 

Characterization  of  W255  cells  overexpressing  the 
leukocyte-type  12-LOX 

Clones  overexpressing  12-LOX  were  characterized  by  Western 
blotting,  flow  cytometry  and  inununofluorescent  microscopy,  us¬ 
ing  a  previously  characterized  rabbit  polyclonal  anti-leukocyte- 
type  12-LOX  antibody  (Cayman,  Ann  Arbor,  MI).^^  The  Western 
blot  protocol  was  previously  described  in  detail.^^  In  brief,  total 
cell  lysates  were  prepared  and  30  fxg  was  fractionated  on  precast 
SDS-polyacrylamide  gels  and  transferred  to  nitrocellulose  mem¬ 
branes.  J^rified  leukocyte-type  12-LOX  was  generously  provided 
by  Dr.  C.  Funk  (University  of  Pennsylvania)  and  was  used  as  a 
positive  control.  After  incubation  for  1  hr  in  blocking  buffer 
containing  5%  skimmed  milk  dissolved  in  10  mM  Tris-HCl,  pH 
7.5,  100  mM  NaCl  and  0.1%  Tween-20,  blots  were  probed  over¬ 
night  with  1:1,000  dilution  of  the  rabbit  anti-12-LOX  (murine 
leukocyte)  polyclonal  antibody.  The  membrane  was  then  washed 
(3X)  in  Tris-buffered  saline  containing  0.05%  Tween  20  (TBST) 
and  incubated  for  1  hr  with  horseradish  peroxidase-conjugated 
goat  anti-rabbit  IgG  (Bio-Rad,  Hercules,  CA;  1:1,500  in  TBST). 


Bound  antibody  complexes  were  visualized  using  enhanced 
chemiluminescence  (Pierce,  Rockford,  IL). 

For  inununofluorescent  labeling  of  12-LOX,  cells  were  fixed 
with  3.7%  paraformaldehyde  in  PBS  (pH  7.4)  and  then  permeabil- 
ized  using  20  mM  HEPES,  300  mM  sucrose,  50  |jlM  NaCl,  3  mM 
CaCl2  and  0.5%  Triton  X-100  for  10  min.  Cells  were  blocked  with 
20%  normal  goat  serum  (Sigma,  St.  Louis,  MO)  at  37°C  for  30  min 
and  then  incubated  with  1:500  dilution  of  rabbit  anti-leukocyte 
type  12-LOX  polyclonal  antibody  and  subsequently  with  fluores¬ 
cein  isothiocyanate  (FITC)-conjugated  goat  anti-mouse  IgG  (1: 
1,000)  for  45  min  at  37°C.  The  cells  were  washed  with  PBS  and 
then  mounted  in  Citifluor  (Amersham  Pharmacia  Biotech,  Piscat- 
away,  NJ)  on  glass  slides. 

For  flow  cytometry,  W256  cells  (2  X  10®)  were  fixed  in  3.7% 
paraformaldehyde  in  PBS  (pH  7.4)  for  15  min,  washed  with  PBS 
(3X),  permeabilized  in  PBS  containing  0.1%  Triton  X-100  and 
blocked  in  20%  normal  goat  serum/PBS  for  30  min  at  37°C.  Cells 
were  then  incubated  with  the  rabbit  anti-leukocyte-type  12-LOX 
polyclonal  (1:1,000)  antibody  for  2  hr.  Cells  were  washed  (2X) 
and  incubated  with  FITC-conjugated  goat  anti-rabbit  IgG  (1:2,000) 
for  30  min  at  37®C  in  the  dark.  Cells  were  washed  with  PBS  (2X) 
and  measured  on  an  Epics  11  flow  cytometer  (Coulter,  Hialeah,  FL) 
for  fluorescence  intensity.  The  data  were  analyzed  using  the  mean 
log  fluorescence,  as  previously  described.^^ 

Examination  of  cell  survival  and  apoptosis  after  LOX  inhibition 
or  serum  withdrawal 

Cells  were  cultured  in  serum-free  MEM  with  0.1%  FBS  over 
time  (0-7  days)  to  induce  apoptosis.  The  expression  of  leukocyte- 
type  12-LOX  was  examined  by  Western  blotting  as  previously 
described  after  serum  starvation  for  0-4  days.  Assessment  of  cell 
survival  and  quantification  of  apoptosis  were  carried  out  using 
trypan  blue  dye  exclusion  assays,  the  Cell  Titre  MTS  cell  prolif¬ 
eration  kit  (Promega,  Madison,  W)  according  to  the  manufactur¬ 
er’s  instructions,  or  DAPI  staining  as  previously  described.^^ 

Examination  of  integrin  expression  by  immunofluorescence 

Cells  were  plated  on  glass  coverslips  and  subsequent  immuno- 
fluorescent  labeling  of  actin  and  avp5  surface  integrin  was  per¬ 
formed  essentially  as  described  previously.  For  labeling  of  avp5 
integrin,  cells  were  fixed,  permeabilized  and  blocked  as  described 
above.  Cells  were  then  incubated  with  monoclonal  anti-avp5  (0.1 
|xg/ml)  and  subsequently  with  FITC-conjugated  goat  anti-mouse 
IgG  (1:1,000)  for  45  min  at  37°C. 

For  labeling  of  actin,  cells  were  fixed  and  permeabilized  with 
ice-cold  methanol:  acetone  (1:1)  at  -20°C  for  10  min  followed  by 
washing  3X  in  Ca^‘^/Mg^'^-free  PBS  (pH  7.4).  Then  the  coverslips 
were  incubated  with  rhodamine-phalloidin  (1:200  in  PBS,  30  min; 
Molecular  Probes,  Eugene,  OR)  at  room  temperature.  In  each  case 
the  cells  were  washed  with  PBS  and  then  mounted  in  Citifluor 
(Amersham  Pharmacia  Biotech)  on  glass  slides. 

Flow  cytometric  analysis  of  adhesion  molecule  expression  and 
cell  cycle  analysis 

Flow  cytometry  was  performed  for  the  analysis  of  integrin 
receptors  as  previously  described.^  Briefly,  cultured  W256  cells 
(1  X  10®)  were  dissociated  with  0.2  mM  EDTA,  washed  with  PBS 
and  then  fixed  in  3.7%  paraformaldehyde  in  PBS  (pH  7.4).  Cells 
were  then  incubated  in  20%  normal  goat  serum  to  block  nonspe¬ 
cific  binding.  Subsequently,  cells  were  incubated  with  primary 
antibodies  [0.1  |Jig/ml  mouse  monoclonal  antibody  to  a2pl,  p3, 
avp5,  allbp3  (Chemicon,  Temecula,  CA),  pi,  a4,  av  (Invitrogen, 
Carlsbad,  CA),  and  P-selectin  (Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA)  or  1.0  p-g/ml  polyclonal  antibody  to  a5pl  and  avp3 
(Invitrogen,  Carlsbad,  CA)]  followed  by  1:1,000  dilution  of  FITC- 
labeled  secondary  antibodies  (Invitrogen).  Finally,  cell  surface 
fluorescence  for  individual  integrin  receptors  was  analyzed  on  an 
Epics  Profile  n  flow  cytometer. 

For  cell  cycle  analysis,  W256  cells  were  prepared  as  detailed 
previously. 36+  Briefly,  cells  were  fixed  in  ice-cold  70%  ethanol/ 
PBS  for  20  min,  rinsed  in  PBS  containing  0.1%  Triton  X-100,  0.1 
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M  EDTA  and  washed  3X  with  PBS  (pH  7.4).  Subsequently  cells 
\Vfere  incubated  in  staining  buffer  (50  |xg/nil  propidium  iodide,  200 
|LJig/ml  RNase,  0.1  M  EDTA,  0.1%  Triton  X-100)  at  37°C  in  the 
dark  for  30  min  followed  by  direct  analysis  on  the  flow  cytometer. 

Antibody  blocking  studies 

To  establish  a  functional  role  for  individual  integrin  receptors  in 
12-LOX-mediated  apoptosis  resistance,  pCMV-12-LOX  W256 
cells  were  serum  starved  in  the  presence  of  various  antibodies  to 
integrin  receptors  (outlined  in  the  last  section).  Cell  survival  72  hr 
after  serum  starvation  was  evaluated  by  MTS  assay.  Morpholog¬ 
ical  alterations  were  also  examined  using  a  phase  contrast  micro¬ 
scope. 

Ejfect  of  cytochalasin  B  on  W256  cell  survival 

W256  monolayers  were  subjected  to  serum  withdrawal  in  the 
presence  of  various  doses  of  cytochalasin  B  (1-10  |xM,  15  min, 
37°C)  to  disrupt  the  actin  microfilaments.  Ilie  effects  of  these 
agents  were  assessed  by  examining  the  morphology  of  cells.  Sur¬ 
vival  was  determined  by  the  MTS  assay. 

Statistical  analysis 

Statistical  comparison  between  study  groups  was  carried  out 
using  ANOVA  with  Scheff^  post  hoc  correction  in  DataDesk  4.1. 
Results  are  expressed  as  mean  ±  SD.  Data  were  taken  as  signif¬ 
icant  where  p  <  0.05. 


RESULTS 

Examination  of  W256  cells  expressing  leukocyte-type  12-LOX 
Expression  of  the  leukocyte-type  12-LOX  in  W256  cells  was 
shown  using  RT-PCR  and  subsequent  sequencing  of  DNA  prod¬ 
ucts.  Using  specific  primers  for  mouse  leukocyte-type  12-LOX 
(ML-12LOX  5/6),  the  predicted  517  bp  product  was  amplified 
when  4  |xg  DNA  template  was  used  (Fig.  1).  This  517  bp  fragment 
was  excised  from  the  gel  and  sequenced  at  the  Wayne  State 
University  Biological  Science  core  facility.  The  sequence  results 
are  as  follows:  12-LOX  PCR  product  produced  with  primers  5/6 
and  sequenced  with  ML-12LOX  5:  GGGGGAGGCCCCTG- 
GATCTTCTCAGCAAGCTGGAGCCTTTCTGACCTATTGCT- 
CATTGTGTCCCCCCGATGACTTGGCTGAGCGAGGACTC- 
TTGGATATCGAGACTTGCTTCTATGCTAAAGACGCCCTG- 
CGACTCTGGCAGATCATGAATCGGTACGTGGTGGGAAT- 
GTTCAATCTCCACTACAAGACCGACAAAGCTGTGCA- 
AGACGACTATGAACTGCAGAGCTGGTGTCGAGAGAT- 
CACTGACATTGGTCTTCAAGGGGCCCAGGACAGAGGC- 
TTCCCTACCTCTCTTCAGTCCCGGGCTCAGGCTTGCT- 
ACTTCATCACCATGTGCATCTTCACGTGCACCGCACAG- 
CACTCTTCCGTCCATCTTGGCCAGCTGGATTGGTTCT- 
ACTGGGTTCCTAATGCACCCTGCACCATGCGGCTGCCA- 
CCACCCACCACCAAGGAAGCAACAATGGAGAAGCTG- 
ATGGCTACGCTGCCCATCCCTNAATCAGTAANNNNNN. 
12-LOX  PCR  product  produced  with  primers  5/6  and  sequenced 
with  ML-12LOX  6:  TCCATNGCITCTCNTTGTTGCTTCCTT- 
GGTGGTGGGTGGTGGCAGCCGCATGGTGCAGGGTGCA- 
TTAGGAACCCAGTAGAACCAATCCAGCTGGCCAAGAT- 
GGACGGAAGAGTGCTGTGCGGTGCACGTGAAGATGCA- 
CATGGTGATGAAGTAGCAAGCCTGAGCCCGGGACTG- 
AAGAGAGGTAGGGAAGCCTCTGTCCTGGGCCCCTTG- 
AAGACCAATGTCAGTGATCTCTCGACACCAGCTCTGC- 
AGTTCATAGTCGTCTTGCACAGCTTTGTCGGTCTTGT- 
AGTGGAGATTGAACATTCCCACCACGTACCGATTCAT- 
GATCTGCCAGAGTCGCAGGGCGTCTTTAGCATAGAAG- 
CAAGTCTCGATATCCAAGAGTCCTCGCTCANCCCAGTC- 
ATCCGGGGGGACACNATGAGCAATAGGTCCANAAAGG- 
CTCCACNTTGCTTGANAANATCCAGGGNGCCTCCCCC- 
CNCTGNGCNCCTCNCCCTTTNTTCNAAAAANNNNNN 
The  sequence  of  the  PCR  product  was  matched  with  rat  leuko¬ 
cyte-type  12-LOX  by  BLAST  search. 


1  2  3  M 


Figure  1  -  Examination  of  leukocyte-type  12-lipoxygenase  expres¬ 
sion  in  W256  cells  determined  by  RT-PCR  and  sequence  analysis. 
Lane  M,  200bp  DNA  marker;  lane  1,  2  |jLg  RNA;  lane  2,  4  jxg  RNA; 
lane  3,  without  RNA  control.  The  predicted  517  bp  product  was 
amplified  when  4  jxg  DNA  template  was  used  and  is  indicated  by  the 
arrow.  This  product  was  excised  from  the  gel,  sequenced  and  matched 
with  rat  leukocyte-type  12-LOX  by  BLAST  search. 


Characterization  of  leukocyte-type  12-LOX  overexpression  in 
transfected  W256  cells 

Overexpression  of  the  leukocyte-type  12-LOX  in  several  clones 
of  transfected  cells,  was  confirmed  using  several  different  molec¬ 
ular  approaches.  Flow  cytometric  analysis  revealed  that  pCMV- 
12LOX  W256  cells  had  a  significantly  higher  level  of  leukocyte- 
type  12-LOX  (i.e.y  enhanced  fluorescence)  compared  with  the 
wild-type  and  pCMV-neo  W256  cells  (Fig.  2a- c).  These  studies 
indicated  an  approximate  4-5-log-fold  increase  in  pCMV-12LOX- 
transfected  W256  cells  compared  with  controls  (Fig.  2d).  To 
characterize  further  the  overexpression  of  leukocyte-type  12-LOX, 
Western  blotting  experiments  of  W256  whole  cell  lysates  were 
performed.  As  shown  in  Figure  2e,  a  prominent  band  migrating  at 
approximately  72  kD  was  detected  in  wild-type  W256  cells  when 
they  were  probed  with  a  rabbit  polyclonal  anti- 12-LOX  (leuko¬ 
cyte-type)  antibody.  This  band  was  shown  to  be  specific  for 
leukocyte-type  12-LOX,  as  the  positive  control  migrated  at  exactly 
the  same  size,  demonstrating  for  the  first  time  fliat  W256  cells 
constitutively  express  the  isozyme,  leukocyte  type  12-LOX.  Trans¬ 
fection  of  W256  cells  with  the  control  empty  vector  (i.e.y  pCMV- 
neo)  did  not  significantly  alter  the  expression  levels  of  the  leuko¬ 
cyte-type  12-LOX.  In  contrast,  the  pCMV-12LOX-transfected 
W256  cells,  as  expected,  demonstrated  higher  levels  of  the  protein, 
as  quantified  by  densitometric  scanning  after  normalizing  to  the 
actin  protein  levels  (Fig.  2e).  Immunofluorescence  microscopic 
studies  using  the  same  antibody  confirmed  the  flow  cytometry  and 
Western  blot  observations  (data  not  shown). 

W256  cells  grown  under  serum-starved  conditions  upregulate 
leukocyte-type  12-LOX  expression 

Expression  of  leukocyte-type  12-LOX  was  increased  after  se¬ 
rum  starvation  for  either  24  or  48  hr  as  indicated  by  Western  blot 
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Figure  2  -  Characterization  of  the  overexpression  of  leukocyte-type  12-LOX  in  transfected  W256  cells,  {a-c)  Histograms  showing  the 
fluorescence  intensity  of  staining  with  polyclonal  anti-leukocyte  12-LOX.  (a)  Wild-type  W256  cells,  (h)  W256  cells  transfected  with  empty 
vector  {le.y  pCMV-neo).  (c)  W256  cells  transfected  with  the  leukocyte-type  12-LOX  pCMV  (pCMV-12-LOX  clone),  {d)  Quantification  by  flow 
cytometry  of  12-LOX  protein  expression.  Shown  are  the  mean  log  fluorescence  intensities  derived  from  2  independent  measurements,  {e) 
Western  blotting  of  leukocyte-type  12-LOX  using  W256  whole  cell  lysates.  The  72  kDa  12-LOX  protein  is  indicated  on  the  right  with  an  arrow. 
The  same  blot  was  stripped  and  reprobed  with  a  monoclonal  anti-actin  antibody  to  normalize  the  protein  loading. 
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Figure  3  -  Expression  of  leukocyte-type  12-LOX  was  increased 
after  serum  starvation  for  24-72  hr.  Whole  cell  lysates  were 
prepared  and  leukocyte-type  12-LOX  expression  was  examined  by 
Western  analysis.  12-LOX  expression  was  upregulated  relative  to 
p-actin  (lower  panel). 


(Fig.  3).  No  further  increase  in  leukocyte-type  12-LOX  expression 
was  observed  after  prolonged  serum  depletion  for  72  hr.  These 
results  show  that  there  is  an  upregulation  of  native  leukocyte-type 
12-LOX  after  serum  starvation  in  W256  cells,  indicating  a  possible 
survival  mechanism  in  these  cells.  We  therefore  examined  the 
survival  of  W256  cells  after  transfection  with  leukocyte-type  12- 
LOX  and  their  rate  of  apoptosis  in  response  to  serum  depletion. 

Overexpression  of  the  leukocyte-type  12-LOX  extends  survival 
and  delays  apoptosis  of  W256  cells  cultured  in  the  absence  of 
trophic  factors  (i.e.,  serum) 

It  has  previously  been  shown  that  wild-type  W256  cells  exhibit 
serum  dependence  for  their  growth.^^  This  observation  was  con¬ 
firmed  in  the  present  study.  Several  independent  experiments  re¬ 
vealed  that  the  survival  of  both  wild-type  and  pCMV-neo  W256 
cells  declined  dramatically  after  2  days  of  serum  starvation  (Fig. 
Aa).  Interestingly,  the  mock  transfectants  (pCMV-neo)  were 
slightly  more  sensitive  to  serum  deprivation  than  wild-type  W256 
cells  (Fig.  4a).  Consistent  with  this  observation,  as  early  as  1  day 
post  serum  depletion,  the  mock  transfected  cells  exhibited  higher 
levels  of  apoptosis  (Fig.  Ab),  In  contrast,  leukocyte-type  12-LOX 
overexpressing  W256  cells  (i.^.,  clone  1  and  clone  2  cells)  dem¬ 
onstrated  a  significantly  extended  overall  survivability  (p  <  0.05) 
compared  wifii  either  the  wild-type  or  mock  transfected  W256 
cells.  During  the  first  24  hr,  the  12-LOX-overexpressing  cells,  like 
the  wild-type  and  mock  transfectants,  demonstrated  a  decrease  in 
cell  viability  ('^25%;  Fig.  4a).  However,  in  contrast  to  the  wild- 
type  and  pCNTS^-neo  cells,  12-LOX  clones  did  not  demonstrate 
increased  cell  death  in  the  subsequent  3  days  post  serum  starvation, 
but  rather  exhibited  a  relatively  constant  rate  of  cell  survival  (Fig. 
4a).  Cell  numbers  began  to  decline  at  day  5,  and  by  day  7 
approximately  40%  of  cells  were  viable.  By  day  9,  all  the  cells 
were  dead  (data  not  shown). 

Consistent  with  these  observations,  apoptosis  was  significantly 
(p  <  0.05)  reduced  in  the  12-LOX  overexpressing  clones  (Fig.  Ab), 
Although  wild-type  and  mock  transfected  W256  cells  exhibited  a 
rapid  induction  of  apoptosis  after  serum  withdrawal,  the  12-LOX- 
transfected  cells  displayed  a  delayed  apoptotic  response.  Quanti¬ 
tation  of  apoptotic  nuclei  in  both  wild-type  and  pCMV-neo  W256 
cells  demonstrated  that  approximately  60%  were  apoptotic  by  day 
2,  80%  by  day  3  and  essentially  100%  by  day  4  post  serum 
removal.  In  sharp  contrast,  pCMV- 12-LOX  clones  exhibited  only 
20%  apoptosis  by  day  2,  35%  by  day  3  and  45%  by  day  4  post 
semm  withdraw^  (Fig.  Ab), 

W256  cells  overexpressing  the  leukocyte-type  12-LOX  exhibit  a 
more  spread  morphology 

Light  microscopy  studies  provided  substantial  evidence  for  ex¬ 
tended  survival  of  W256  cells  overexpressing  the  leukocyte-type 
12-LOX.  As  shown  in  Figure  5,  wild-type  (Fig.  5a, ^)  and  pCMV- 
neo  (Fig.  5c, d)  W256  cells  demonstrated  significant  cell  death  {Le,, 
cell  rounding  with  some  exhibiting  features  reminiscent  of  apo¬ 
ptosis)  4  days  after  semm  withdrawal  (Fig.  5b, d).  The  12-LOX- 
transfected  W256  cells  demonstrated  a  more  spread  moiphology 
under  normal  culture  conditions  (Fig.  5e).  There  was  only  scat- 


Figure  4  -  Quantitation  of  the  survival  and  apoptosis  of  various 
W256  cell  subUnes  cultured  under  serum-starved  conditions,  (a)  Sur¬ 
vival  was  determined  by  MTS  assay.  ITbe  values  are  expressd  as  the  % 
cell  survival  compared  with  day  0  (at  which  time  the  survival  was 
considered  to  be  100%)  and  the  bars  represent  standard  error  of  the 
mean  (SEM)  derived  from  3  independent  experiments.  pCMV- 12- 
LOX  transfected  W256  cells  survived  significantly  longer,  under  se¬ 
rum-starved  conditions,  compared  with  either  wild-type  or  mock- 
transfected  controls.  *,  p  <  0.05.  (h)  12-LOX-overexpressing  cells 
demonstrated  a  delayed  apoptotic  response  to  serum  starvation.  Apo¬ 
ptosis  was  quantitated  by  DAPI  staining  in  W256  cells  semm-starved 
for  0-7  days.  Apoptosis  was  also  confirmed  by  microscopy  and  DNA 
fragmentation  assays  (data  not  shown).  Significant  apoptosis  was 
observed  after  serum  starvation  in  wild-type  or  mock  transfectants, 
compared  with  pCMV- 12-LOX  clones.  *,p  <  0.05. 


tered  cell  death  4  days  after  removal  of  semm,  with  the  majority  of 
cells  still  spread  and  alive  (Fig.  5f), 

Expression  of  integrins  in  W256  carcinoma  cells  determined  by 
flow  cytometry 

W256  cells  overexpressing  the  leukocyte-type  12-LOX  exhib¬ 
ited  a  more  spread  morphology  under  normal  culture  conditions 
compared  with  pCMV-neo  and  wild-type  cells,  remaining  adherent 
and  alive  for  up  to  day  5.  These  observations  suggest  that  12-LOX 
overexpression  may  extend  cell  survival  by  promoting  cell  adhe¬ 
sion  to  and  spreading  on  the  substrata  [i.e.  ,  extracellular  matrix 
(ECM)].  Cell  anchorage  to  the  substratum  is  mediated  by  cell 
adhesion  to  the  ECM  proteins  through  integrin  receptors;  therefore 
it  is  possible  that  12-LOX  overexpression  may  modulate  the  ex¬ 
pression/function  of  integrin  receptors  to  enhance  cell  spreading. 
We  examined  several  potential  integrins  and  adhesion  molecules 
in  wild-type  W256  cells  to  determine  which  ones  are  expressed 
endogenously.  To  this  end,  wild-type  W256  cells  were  surface 
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Figure  5  -  12-LOX  overexpressing  W256  cells  demonstrated  a  more  spread  morphology  in  response  to  serum  starvation.  Light  microscopy  was 
used  to  examine  the  morphology  of  different  W256  clones  after  serum  starvation.  Even  under  normal  serum  conditions  (time  0),  wild-type  and 
neo-transfected  cells  {a  and  c,  respectively)  displayed  a  rounder  morphology  compared  with  pCMV-12-LOX-transfected  cells  (e).  4  days  post  serum 
starvation,  both  wild-type  (h)  and  neo-transfected  {d)  cells  demonstrated  morphologic  signs  of  significant  cell  death  (i.e.,  rounding  up  and 
detachment  from  the  substratum).  In  contrast,  by  day  4  of  serum  starvation,  a  significant  number  of  W256  cells  remained  spread  and  alive  (/). 


labeled  with  antibody  to  pi,  a2pi,  p3,  avp5,  allbp3,  a4,  av, 
a5pl,  otvp3  or  P-selectin.  Flow  cytometric  analysis  demon¬ 
strated  that  W256  cells  did  not  express  detectable  levels  of  a4 
or  ot2pl  (Fig.  6b  and  c,  respectively)  or  P-selectin  (data  not 
shown).  Consistent  with  previous  reports  from  our  laboratory, 
W256  cells  did  not  express  integrin  av  or  avP3  on  their  surface 
(Fig.  6e  and  g,  respectively)  but  did  express  detectable,  but  low, 
levels  of  allbp3  and  p3  integrin  receptors  (Fig.  6/  and  h, 
respectively).^'^  Most  dramatically,  W256  cells  predominantly 


expressed  integrins  aSpl  (Fig.  6d)  and  avp5  (Fig.  67),  as 
indicated  by  the  prominent  shift  in  the  mean  log  fluorescence 
intensity  compared  with  control. 

Under  the  same  experimental  conditions,  flow  cytometric  stud¬ 
ies  demonstrated  relatively  consistent  expression  levels  of  several 
integrin  receptors  such  as  pi,  p3  and  allbp3  between  W256 
sublines  (Fig.  7).  However,  pCMV-12-LOX  W256  cells  demon¬ 
strated  a  consistent  increase  (i.e.,  ^2 16g  fold)  in  the  expression  of 
avP5  compared  with  the  wild-type  cells.  Interestingly,  the  trans- 
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Figure  6  —  Endogenous  expression  of  integrins  in  W256  carcinoma  cells  determined  by  flow  cytometry.  Wild-type  W256  cells  were  incubated 
with  control  antibodies,  i.e,  MOPC  {a,  0,1  mg/ml)  or  rabbit  IgG  (f,  1.0  mg/ml),  or  various  primary  antibodies:  anti-ot4  {b,  0.1  mg/ml),  -a2pl 
(c,  0,1  mg/ml),  -a5pl  (J,  1.0  mg/ml),  -av  {e,  0.1  mg/ml),  -avp3  (g,  1.0  mg/ml),  -p3  (h,  0.1  mg/ml),  -allbp3  (/,  0.1  m^ml)  or  -avp5  (/,  0.1 
mg/ml).  Cells  were  then  treated  wiA  FITC-labeled  secondary  antibodies  and  analysis  of  cell  surface  fluorescence  was  performed  by  flow 
cytometry.  W256  cells  express  low  levels  of  allbp3  and  P3  integrin  receptors  and  high  levels  of  aSpi  and  avp5,  as  revealed  by  a  prominent 
shift  in  the  mean  log  fluorescence  intensity  compared  with  controls. 


fected  cells  {i.e.,  the  mock  and  12-LOX  overexpressors)  expressed 
slightly  higher  levels  of  a5pl  on  their  surface  compared  with  the 
wild-type  cells  (Fig.  7).  This  most  likely  represents  an  artifact 
related  to  the  transfection  procedure  itself. 


Increased  localization  of  integrin  avj35  to  focal  adhesions  in 
12-LOX  W256  carcinoma  cells 

We  next  evaluated  the  avp5  expression  in  W256  sublines  at  the 
morphologic  level.  To  this  end,  W256  cells  were  permeabilized 
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Figure  7  -  Flow  cytometric  analysis  of  the  surface  expression  of  integrin  receptors  on  wild-type  and  transfected  W256  cells.  An  equal  amount  of 
wild-type,  neo-  and  12-LOX-transfected  cells  were  surface  labeled  for  various  integrins,  as  described  in  Material  and  Methods,  and  cell  surface 
fluorescence  was  analyzed  by  flow  cytometry,  (a)  The  values  are  expressed  as  mean  log  fluorescence  intensity  (mean  ±  SE)  derived  from  2  independent 
experiments,  (b)  The  log-fold  increase  in  surface  expression  was  calculated  for  W256  12-LOX  transfected  cells  relative  to  wild-type  cells. 


and  processed  for  immunofluorescence  microscopy.  As  shown  in 
Figi^  8a  and  b,  both  wild-type  and  pCMV-neo  W256  cells  exhibited 
a  bipolar  round  morphology  and  expressed  avp5  throughout  the 
cytoplasm.  In  contrast,  most  W256  cells  overexpressing  12-LOX 
demonstrated  a  more  spread  morphology  (/.€.,  a  larger  surface  area) 


along  with  an  increased  distribution  of  avp5  concentrated  at  the  cell 
borders/edges  and  focal  adhesion  plaques  (Fig.  8c,  arrowheads). 
These  studies  indicate  that  pCMV-12-LOX  W256  cells  may  rely  on 
the  upregulation  of  avp5  integrin  to  maintain  their  adherence  to  the 
substratum  in  order  to  sustain  their  cell  survival. 


Figure  S  -  Increased  localization  of  integrin  avpS  to  focal  adhe¬ 
sions  in  12-LOX-transfected  W256  cells.  W256  cells  were  fixed  and 
incubated  with  anti-avp5  (0.1  mg.ml)  followed  by  FITC-labeled  sec¬ 
ondary  antibody-  and  processed  for  fluorescence  microscopy,  {a) 
Wild-type  cells,  {b)  pCMV-neo  cells,  (c)  pCMV-12-LOX  W256  cells. 
Arrowheads  indicate  focal  adhesion  plaques  enriched  in  avp5.  Orig¬ 
inal  magnification:  X2(X). 

Integrin  av)35  is  an  important  factor  for  12-LOX-transfected 
W256  cell  survival  in  the  absence  of  serum 
Having  examined  the  expression  of  a  number  of  integrins  on 
W256  cells,  we  next  examined  which  one(s)  plays  a  causal  role  in 
sustaining  W256  cell  survival  during  serum  deprivation.  12-LOX- 
transfected  W256  cells  were  serum-starved  in  the  presence  of 
MOPC  (as  control)  or  with  an  antibody  to  a5pl,  av,  allbp3,  avp3 


Figure  9  -  Integrin  avp5  is  important  for  the  survival  of  12-LOX- 
transfected  W256  carcinosarcoma  cells  in  the  absence  of  serum,  (a) 
Apoptosis  of  12-LOX-transfected  W256  cells  was  examined  by  DAPI 
staining  after  serum  starvation  for  3  days  in  the  presence  of  various 
antibodies  directed  against  specific  integrins  or  MOPC  as  control.  The 
values  are  expressed  as  %  apoptosis;  the  mean  ±  standard  error  was 
derived  from  3  independent  experiments.  Antibody  to  avp5  induced 
significant  apoptosis  in  12-LOX-transfected  cells  compared  with 
MOPC  treated  controls.  *,  p  <  0.05.  {b)  Survival  of  12-LOX-trans- 
fected  W256  cells  was  examined  by  the  MTS  assay.  12-LOX-trans¬ 
fected  cells  were  serum  starved  for  3  days  in  the  presence  of  MOPC  or 
anti-avp5  (0.01  or  0.1  |xg/ml,  respectively).  Results  are  expressed  as 
%  cell  survival  and  the  mean  ±  standard  error  was  derived  from  3 
independent  experiments.  Treatment  with  anti-avp5  resulted  in  a 
significant,  dose-dependent  decrease  in  cell  survival  compared  with 
MOPC-treated  controls.  *,  p  <  0.05. 


or  avp5.  After  3  days  of  serum  withdrawal,  control  12-LOX- 
transfected  W256  cells  demonstrated  typical  spread  morphology 
without  a  significant  amount  of  cell  deaA  (^^20%  apoptosis;  Fig. 
9a).  Similarly,  pCMV-12-LOX  W256  cells  did  not  appear  to  be 
dependent  on  integrins  a5pl,  av,  allbp3  or  avp3  for  maintaining 
their  survival  during  serum-free  conditions  since  pretreatment  with 
the  respective  antibodies  did  not  result  in  significant  apoptosis 
(—17-25%;  Fig,  9a).  In  sharp  contrast,  the  survival  of  12-LOX- 
transfected  W256  cells  was  significantly  reduced  when  they  were 
serum  starved  in  the  presence  of  monoclonal  anti-avp5.  In  the 
presence  of  0.01  |xg/ml  of  anti-avp5,  pCMV-12-LOX  W256  cells 
underwent  remarkable  morphologic  changes  consistent  with  apo¬ 
ptosis  and  were  significantly  (p  <  0.05)  more  apoptotic  than 
controls,  as  determined  by  DAPI  staining  (Fig.  9b).  This  effect  was 
shown  to  be  dose-dependent,  as  an  increased  concentration  of 
anti-avp5  {i.e.,  0.1  |xg/ml)  induced  further  apoptosis,  resulting  in 
'^10%  apoptotic  death  in  pCMV-12-LOX  W256  cells,  compared 
with  only  28%  in  MOPC-treated  controls  (Fig.  9b).  These  data 
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expressing  W256  cells  demonstrated  well-developed  actin  micro- 
filaments  extending  from  the  cell  nucleus  to  the  periphery. 

More  importantly,  these  microfilaments  (i.e.,  phalloidin-positive 
staining)  often  extend  to  the  focal  contact-like  structures  enriched 
in  the  integiin  avp5  (data  not  shown).  The  increased  microfila¬ 
ment  content  was  also  confirmed  by  flow  cytometric  analysis  using 
FITC-tagged  phalloidin.  As  the  targeting  of  integrin  receptors  to 
focal  contacts  requires  the  presence  of  stress  fiber  endings,  it  is 
likely  that  increased  actin  polymerization  takes  place  prior  to  the 
alterations  in  otvp5.  Regardless,  similar  to  a  crucial  role  of  avp5, 
12-LOX-induced  actin  microfilament  formation  appears  function¬ 
ally  important  since  prevention/disruption  of  the  microfilament 
network  with  cytochalasin  B,  in  a  dose-dependent  manner,  blocked 
the  survival  advantage  of  12-LOX-overexpressing  cells  under  se¬ 
rum-starved  conditions. 

Interestingly,  we  have  previously  demonstrated  that  the  major 
metabolic  product  of  12-LOX,  12(S)-HETE,  increased  actin  mi¬ 
crofilament  content  in  B  16a  melanoma  cells.^  In  that  study,  12(S)- 
HETE  promoted  actin  polymerization  through  protein  Idnase  C 
(PKC)-dependent  phosphorylation  of  cytoskeletal  components 
such  as  myosin  light  chain.  Indeed,  in  support  of  our  results 
outlined  here,  under  serum-starved  conditions,  we  have  observed 
prolonged  survival  of  human  prostate  tumor  cells,  PC3  and  human 
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ABSTRACT 

Extensive  studies  have  implicated  the  role  of  dietary  fatty  acids  in 
prostate  cancer  progression.  Platelet-type  12-Lipoxygenase  (12-LOX)  has 
been  shown  to  regulate  growth^  metastasis,  and  angiogenesis  of  prostate 
cancer.  The  effect  of  two  12-LOX  inhibitors,  Baicalein  and  A^-benzyl-A^- 
hydroxy-5-phenylpentamide  (BHPP),  on  the  mechanisms  controlling  cell 
cycle  progression  and  apoptosis  were  examined  in  two  prostate  cancer  cell 
lines,  PC3  and  DU-145.  Treatment  with  Baicalein  or  BHPP  resulted  in  a 
dose-dependent  decrease  in  cell  proliferation,  as  measured  by  BrdUrd 
incorporation.  This  growth  arrest  was  shown  to  be  because  df  cell  cycle 
inhibition  at  Gq/Gi,  and  was  associated  with  suppression  of  cyclin  D1  and 
D3  protein  levels.  PC3  cells  also  showed  a  strong  decrease  in  phosphoryl- 
ated  retinoblastoma  (pRB)  protein,  whereas  the  other  retinoblastoma- 
associated  proteins,  plO?  and  pl30,  were  inhibited  in  DU-145  cells.  Treat¬ 
ment  with  12-hydroxyeicosatetraenoic  acid  in  the  presence  of  Baicalein 
blocked  loss  of  pRB,  whereas  12(S)-H£T£  alone  induced  pRB  expression. 
Treatment  with  either  Baicalein  or  BHPP  resulted  in  significant  apoptosis 
in  both  cell  lines  as  measured  by  terminal  deoxynucleotidyltransferase- 
mediated  dUTP  nick  end  labeling.  DU-145  cells  underwent  apoptosis  more 
rapidly  than  PC-3  cells.  The  mechanisms  involved  were  decreased  phos¬ 
phorylation  of  Akt,  loss  of  survivin  and  subsequent  activation  of  caspase-3 
and  caspase-7  in  each  cell  line,  decreased  Bcl-2  and  Bcl-Xj,  expression  in 
DU-145,  and  a  shift  in  Bcl-l^ax  levels  favoring  apoptosis  in  PC-3  cells. 
Addition  of  12(S)-HETE  protected  both  cell  lines  from  Baicalein-induced 
apoptosis,  whereas  other  LOX  metabolites,  5(S)-HET£,  or  15(S)-HETE 
did  not.  These  results  show  that  the  12-LOX  pathway  is  a  critical  regu- 
-  lator  of  prostate  cancer  progression  and  apoptosis,  by  affecting  various 
proteins  regulating  these  processes.  Therefore,  inhibition  of  12-LOX  is  a 
potential  therapeutic  agent  in  the  treatment  of  prostate  cancer. 


INTRODUCTION 

Arachidonic  acid  metabolism  can  be  catalyzed  by  one  of  two 
distinct  enzyme  pathways,  cyclooxygenase  or  LOX."^  Its  metabolism 
leads  to  the  generation  of  biologically  active  metabolites  that  may  be 
potentially  involved  in  carcinogenesis  by  modulating  mitogenic  sig¬ 
naling  and  regulating  cellular  proliferation  (1-3).  Furthermore,  it  has 
been  shown  that  the  LOXs  in  particular  are  key  regulators  of  cell 
survival  and  apoptosis  in  cells  (4).  Mammalian  LOXs  constitute  a 
heterogeneous  family  of  lipid  peroxidizing  enzymes  that  are  catego¬ 
rized  with  respect  to  their  regional  specificity  of  arachidonic  acid 
oxygenation.  Therefore,  the  LOXs  have  been  designated  as  5-,  8-,  12-, 
and  15-LOX  isoforms,  which  transiently  produce  the  end  products 
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5(S)-,  8(S)-,  12(S)-,  and  15(S)-HETEs,  respectively  (5,  6).  12-LOX  is 
expressed  as  two  main  isoforms,  a  platelet-type  cloned  from  human 
platelets  (7)  and  a  leukocyte-type  from  porcine  leukocytes,  that  shares 
65%  homology  to  the  platelet-type  cDNA  (8). 

Several  lines  of  evidence  implicate  12-LOX  as  a  regulator  of 
human  cancer  development.  It  is  overexpressed  in  a  variety  of  tumors 
including  breast,  colorectal,  and  prostate  cancer  (9-11),  and  has  been 
shown  to  be  present  in  a  number  of  cancer  cell  lines  (12-14).  We  have 
extensively  investigated  the  role  of  platelet-type  12-LOX  and  12(S)- 
HETE  in  prostate  cancer.  We  reported  previously  that  12-LOX  is 
expressed  in  several  prostate  cancer  cell  lines  (15).  In  addition,  we 
have  described  its  involvement  in  tumor  metastasis,  as  pretreatment  of 
DU- 145  prostate  cancer  cells  in  vitro  with  the  12-LOX  specific 
inhibitors  BHPP  or  Baicalein  significantly  inhibited  their  ability  to 
form  lung  colonies  after  tail- vein  injection  (15).  Other  reports  from 
our  laboratory  have  demonstrated  that  12-LOX  levels  are  correlated 
with  the  grade  and  stage  of  human  prostate  tumors  (16),  and  that  s.c. 
injection  of  PC3  cells  overexpressing  12-LOX  increased  the  amount 
of  angiogenesis  and  growth  of  tumors  in  mice  (11). 

Deregulation  in  the  fine'  balances  controlling  cellular  proliferation 
and  cell  death  is  the  hallmark  of  cancer.  Many  proteins  are  involved 
in  the  process  by  which  cells  choose  between  growth  arrest,  apoptosis, 
or  survival.  The  12-LOX  inhibitor,  Baicalein,  has  been  shown  previ¬ 
ously  to  induce  apoptosis  in  human  gastric,  colon,  hepatoma,  and 
pancreatic  cancer  cells  (13,  17-20).  In  addition,  an  analogue  of 
Baicalein,  called  baicalin,  has  been  shown  to  induce  apoptosis  in 
prostate  cancer  cells  (20).  The  underlying  mechanism  whereby  12- 
LOX  inhibition  induces  and  executes  apoptosis  is  not  clearly  defined. 
In  the  present  study  we  examine  the  effect  of  12-LOX  inhibition  by 
Baicalein  or  BHPP  on  the  mechanisms  controlling  the  cell  cycle  and 
apoptosis  in  prostate  cancer  cells  by  examining  the  cell  cycle-regula¬ 
tory  proteins  that  are  involved  in  the  control  of  the  Gj-S  transition. 

MATERIALS  AND  METHODS 

Cells  Lines.  Two  prostate  carcinoma  cell  lines,  DU- 145  and  PC3,  were 
obtained  from  the  American  Type  Culture  Collection  (Rockville,  MD)  and 
maintained  in  a  humidified  atmosphere  of  5%  COj  in  air  at  37°C.  The  cells 
were  routinely  cultured  in  RPMI  1640  supplemented  with  10%  fetal  bovine 
serum  (Life  Technologies,  Inc.),  2  mM  L-glutamine,  and  100  jLtg/ml  penicillin- 
streptomycin.  Experiments  were  performed  when  cells  were  ~80%  confluent. 

Cell  Proliferation.  PCS  and  DU  145  prostate  cancer  cells  were  seeded  into 
96-weU  plates  and  incubated  at  37°C.  After  12  h  cells  were  cultured  in 
serum-free  medium  with  or  without  various  concentrations  of  the  selective 
12-LOX  inhibitors  Baicalein  (Biomol,  Plymouth,  PA)  or  BHPP  (Biomide 
Corp.,  Grosse  Pointe  Farms,  MI),  or  a  specific  5-LOX  inhibitor  a-pentyl-4- 
2-quinolinylmethoxy-benzenemethanol  (Rev-5901;  Cayman  Chemicals,  Ann 
Arbor,  MI)  for  48  h.  Thereafter,  cell  proliferation  was  assessed  by  a  specific 
nonradioactive  cell  proliferation  ELISA  based  on  the  measurement  of  BrdUrd 
incorporation  during  DNA  synthesis  according  to  the  manufacturer’s  instruc¬ 
tions  (Roche  Diagnostics  GmbH,  Mannheim,  Germany).  Statistical  compari¬ 
son  between  treatments  was  carried  out  using  ANOVA  with  Scheffe  post-hoc 
correction.  Data  are  taken  as  significant  where  P  <  0.05.  Separately,  cells  were 
examined  morphologically  by  light  microscopy. 

Flow  Cytometry  for  Cell  Cycle  Analysis.  Prostate  cancer  cells  grown  in 
25-cm^  flasks  were  treated  with  various  concentrations  of  Baicalein  for  48  h. 
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The  cells  were  then  digested  by  trypsin-EDTA,  washed,  and  resuspended  in  A. 
serum-free  medium,  counted,  and  then  fixed  overnight  in  75%  ethanol  at  4°C. 

The  cells  were  then  washed  and  resuspended  in  PBS  (pH  7.4)  containing  0.1% 

Triton  X-100,  0.05  mg/ml  DNase-free  RNase  A,  and  50  p-g/ml  propidium 
iodide  at  a  concentration  of  0.5  ml/10®  cells.  The  cells  were  incubated  in  the 
dark  for  30  min  at  room  temperature.  The  red  fluorescence  of  the  single  events 
was  recorded  using  an  argon  ion  laser  at  488  nm  excitation  wavelength  and  610 
nm  as  emission  wavelength  to  measure  DNA  index, 

TUNEL  Assay.  Apoptosis  was  detected  using  the  terminal  incorporation  of 
fluorescein- 12-dUTP  by  terminal  deoxynucleotidyl  transferase  into  frag¬ 
mented  DNA  in  prostate  cancer  cells  treated  with  Baicalein  according  to  the 
manufacturer’s  instructions  (Roche  Diagnostics  GmbH).  Briefly,  cells  were 
grown  in  75-cm^  flasks,  incubated  overnight  in  serum-firee  medium,  and  then 
treated  with  various  concentrations  of  Baicalein  for  24,  48,  or  72  h.  The  cells 
were  then  digested  by  trypsin-EDTA,  washed,  and  fixed  for  1  h  in  75%  ethanol 
at  4°C.  Thereafter  ice-cold  permeabilization  solution  (0.1%  Triton  X-100  and 
0.1%  sodium  citrate)  was  added  for  3  min.  After  this  samples  were  washed 
twice  in  PBS,  and  50  /xl  of  the  working  TUNEL  reaction  mix  was  added. 
Samples  were  incubated  at  37°C  for  1  h,  washed,  and  resuspended  in  PBS. 

Laser  flow  cytomeby  was  used  to  quantify  the  percentage  of  apoptotic  cells 
indicated  by  green  fluorescence  of  fluorescein- 12-dUTP  incorporated  by  the 
cell. 

Western  Blot  Analysis.  Total  cell  lysates  were  prepared  following  various 
treatments.  Protein  (30  ixg)  was  fractionated  by  precast  SDS-PAGE  and  then 
transferred  to  nitrocellulose  membranes.  After  incubating  for  1  h  in  blocking 
buffer  containing  5%  skimmed  milk  dissolved  in  10  mM  Tris-HCl  (pH  7.5), 

100  mM  NaCI,  and  0.1%  Tween  20,  blots  were  probed  overnight  with  primary 
antibodies  against  cyclin  Dl,  D2,  D3,  and  cyclin  E;  CDKs  2,  4,  and  6;  CDK 
inhibitors  p21,  p27,  p57,  pi 6,  pi  8.  and  pi 9;  Rb  protein;  and  various  phospo- 
Rb.  In  addition  apoptosis-related  proteins  BCL-2,  PARP,  caspases,  and  sur- 
vivin  were  examined.  All  of  the  antibodies,  excluding  Rb  and  phosphorylated 
Rb  (Ser  807/811;  Cell  Signaling  Technology,  Beverly,  MA);  pl5,  pl6  and  pl8 
(Upstate  Biotechnology,  Lake  Placid,  NY);  cyclin  Dl  (Oncogene  Research 
Products,  Boston,  MA);  cyclins  D2,  D3,  and  E,  p21,  p27,  and  PARP  (BD 
PharMingen,  San  Diego,  CA)  were  obtained  from  Santa  Cruz  Biotechnology 
(Berkeley,  CA) 

RESULTS 

Eflfect  of  LOX  Inhibitors  on  Prostate  Cancer  Cell  Proliferation. 

The  12-LOX  inhibitors  Baicalein  and  BHPP  both  induced  a  signifi¬ 
cant  growth  inhibition  in  prostate  cancer  cells  in  a  dose-dependent 
manner  as  measured  by  BrdU  incorporation  in  both  PC3  and  DU  145 
cells  at  48  h  relative  to  control  cells  (Fig.  1,  A  and  B).  Treatment  with 
25  /xM  Baicalein  significantly  decreased  proliferation  of  PC-3  and 
DU- 145  cells  to  51%  and  52%,  respectively,  compared  with  untreated 
controls  (P  <  0.05).  BHPP  also  significantly  inhibited  proliferation  of 
both  cell  lines  at  similar  concentrations  (P  <  0,05).  After  24  h  both 
12-LOX  inhibitors  had  only  minor  effects  on  cell  numbers  in  both 
prostate  cancer  cell  lines  (data  not  shown).  The  specific  5-LOX 
inhibitor  Rev-5901  had  no  effect  on  cell  proliferation  in  either  PC3  or 
DU  145  prostate  cancer  cells  (P  =  not  significant;  Fig.  1,  A  and  B). 

LOX  Inhibition-induced  Growth  Arrest  in  Prostate  Cancer 
Cells.  To  examine  where  in  the  cell  cycle  the  growth  phase  arrest 
observed  in  the  proliferation  experiments  occurred,  PC3  cells  were 
treated  with  the  LOX  inhibitors  Baicalein,  BHPP,  or  Rev-5901  for 
24  h  in  serum-free  medium.  The  percentage  of  cells  in  Gq/Gj  versus 
S  versus  G2/M  phases  was  then  examined  by  flow  cytometry  after 
propidium  iodide  staining  of  the  cellular  DNA  (representative  DNA 
histograms  are  shown  in  Fig.  2A).  Treatment  of  cells  with  25  /ulm 
Baicalein  resulted  in  an  accumulation  of  cells  in  the  Gq/Gj  phase 
(from  45%  to  61%  and  from  51%  to  68%  in  PC-3  and  DU- 145  cells, 
respectively)  witji  a  comparative  drop  in  the  S  phase  fraction  from 
36%  to  23%  and  32%  to  24%,  respectively.  The  G2-M  phase  de¬ 
creased  slightly  in  PC-3  cells  (from  19%  to  16%),  whereas  a  more 
dramatic  decrease  was  observed  in  the  DU-145  cells  (from  17%  to 
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Fig.  1.  Effect  of  LOX  inhibition  on  the  proliferation  of  PC-3  (A)  and  DU- 145  (J5) 
prostate  cancer  cells.  The  cells  were  treated  with  increasing  concentrations  of  the  12-LOX 
inhibitors.  Baicalein  or  BHPP,  or  the  5-LOX  inhibitor  Rev-5901  (5-50  fXM)  for  48  h. 
Viable  cells  were  measured  by  BrdU  incorporation  and  expressed  as  a  percentage  of  the 
controls  (n  =  4);  bars,  ±SE.  ♦  indicate  that  levels  are  significantly  different  from  the 
untreated  controls  (P  <  0.05). 

9%;  Fig.  2B).  A  similar  effect  was  observed  when  both  cell  lines  were 
treated  with  BHPP.  An  accumulation  of  cells  at  the  G^  phase  was 
observed,  with  a  proportional  reduction  in  the  S  and  G2-M  phase 
fractions  (Fig,  2B).  Therefore,  it  is  obvious  that  12-LOX  inhibition 
induced  a  Gj  phase  arrest  in  both  cell  lines.  Conversely,  treatment 
with  the  5-LOX  inhibitor  Rev-5901  did  not  alter  the  growth  phase 
fractions  relative  to  controls  in  either  cell  line. 

Effect  of  12-LOX  Inhibition  on  Proteins  Regulating  the  Gj  to  S 
Transition  in  the  Cell  Cycle.  To  determine  the  mechanisms  involved 
in  the  cell  cycle  arrest  caused  by  12-LOX  inhibition,  the  expression  of 
a  number  of  molecules  that  regulate  passage  of  cells  from  the  Gj  to 
the  S  phase  of  the  cell  cycle  were  examined.  These  include  cyclins  and 
their  catalytic  partners,  the  CDKs,  inhibitors  of  CDKs,  and  the  Rb 
family  of  proteins  that  govern  exit  from  the  Gj  phase  (21). 

Baicalein  treatment  (25  /im)  resulted  in  a  strong  reduction  in  the 
expression  of  the  D-type  cyclins,  Dl  and  D3  in  both  PC3  and  DU- 145 
cells,  whereas  no  effect  was  observed  on  cyclin  E  expression  (Figs.  3A 
and  4A).  Cyclin  Dl  levels  were  reduced  within  3  h  of  Baicalein 
treatment  and  were  undetectable  by  14  h.  Similar  results  were  ob¬ 
served  when  the  cells  were  treated  with  25  /xm  BHPP  (results  not 
shown).  Baicalein  also  resulted  in  a  moderate  reduction  in  CDK-2  and 
CDK-4  levels  after  14  h,  with  little  or  no  effect  on  CDK-6.  Unex¬ 
pectedly,  Baicalein  also  resulted  in  a  strong  reduction  in  the  CDK 
inhibitors  p21  and  p27  over  time,  resulting  in  undetectable  levels  by 
24  h.  No  effect  was  observed  on  pl6  (Fig.  3B  and  Fig.  4B),  which 
inhibits  phosphorylation  of  the  Rb  protein.  The  other  INK4  family 
members,  pi 5,  pi 8,  and  pi 9,  were  also  unaltered  (data  not  shown). 
p21  and  p27  have  a  dual  function  in  the  cell  cycle:  iiihibition  of 
CDK-cyclin  formation,  particularly  cyclin  E-cdk2,^^s,  Wbll  as  facili¬ 
tating  the  assembly  of  cyclinD-cdk4/6  complexes  (22). 


2722 


12-LOX  INHIBITION  IN  PROSTATE  CANCER  CELLS 


A. 


Fig.  2.  Representative  DNA  histogram  (A)  and  tabulated  percentages  (E)  of  cells  after 
LOX  inhibition  and  cell  cycle  analysis  by  propidium  iodide  staining.  The  12-LOX 
inhibitors  Baicalein  and  BHPP  induced  a  specific  Gq/Gi  growth  phase  arrest,  indicated  by 
accumulation  of  cells  at  this  phase,  with  a  corresponding  decline  in  cells  in  the  S  (mitotic) 
phase.  The  tabulated  percentages  are  an  average  calculated  on  the  results  of  two  separate 
experiments. 


cells  were  more  sensitive  to  apoptosis  than  PC3  cells,  with  63%  of 
cells  staining  positive  after  25  ptM  Baicalein  treatment  at  48  h  (Fig. 
55)  compared  with  39%  in  PC3  cells  (Fig.  5A).  After  treatment  (72  h), 
apoptosis  was  significantly  higher  in  PC3  cells  (66%)  relative  to 
controls,  indicating  that  apoptosis  induction  was  related  to  length  of 
drug  exposure  in  PC-3  cells. 

Treatment  with  Baicalein  (25  /am)  over  time  resulted  in  dramatic 
morphological  changes  in  both  of  the  cell  lines  examined.  This  was 
characterized  by  decreased  cell  density,  elongation,  and  filamentous 
protrusions  bridging  many  cells.  By  48  h  some  cells  visibly  lost 
anchorage  and  were  floating.  This  was  more  evident  in  the  DU  145 
cells,  which  underwent  apoptosis  more  quickly  (Fig.  5C). 

Effect  of  12-LOX  Inhibition  on  Proteins  Regulating  Apoptosis. 
To  examine  the  mechanisms  involved  in  propagating  and  executing 
apoptosis  in  prostate  cancer  cells,  time  course  experiments  were 
carried  out  to  determine  the  levels  of  protein  expressed  by  apoptosis- 
related  genes.  Cells  were  treated  with  25  /am  Baicalein  or  BHPP  from 
0  to  24  h. 

In  PC-3  cells,  Baicalein  treatment  resulted  in  a  decrease  in  the 
antiapoptotic  protein  Bcl-2  by  14  h  (Fig.  6A).  The  proapoptotic 
protein  Bax,  which  is  known  to  heterodimer  with  Bcl-2,  was  increased 
after  treatment  with  Baicalein  as  early  as  6  h.  DU- 145  cells  did  not 
express  detectable  levels  of  Bax.  However,  another  antiapo¬ 
ptotic  member  of  the  Bcl-family,  Bc1-Xl,  was  reduced  after  treatment 
with  Baicalein  (Fig.  65).  Expression  of  the  proapoptotic  proteins 
Bcl-Xg  or  Bad,  which  heterodimer  with  Bc1-Xl,  were  unaltered  by 
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Effect  of  12-LOX  Inhibition  on  RB  Protein  Family  Members. 
Because  cyclin  D  and  CDK-4  govern  phosphorylation  (inactivation) 
of  the  Rb  protein  during  progression  of  the  cell  cycle  past  Gj,  the 
above  results  would  suggest  that  Rb  dephosphorylation  may  occur  in 
response  to  12-LOX  inhibition.  Rb  has  been  reported  recently  to  be  an 
important  factor  in  directing  the  choice  between  permanent  arrest  and 
apoptosis  in  cells  (23).  Therefore,  the  phosphorylation  state  of  the  Rb 
protein  was  examined  in  PC3  cells.  A  significant  reduction  in  the 
phosphorylation  of  the  Rb  protein  occurred  over  time  after  treatment 
with  25  /AM  Baicalein  (Fig.  3A),  resulting  in  undetectable  levels  within 
24  h  of  treatment.  This  observation  is  consistent  with  a  positive 
contribution  toward  growth  arrest  of  PC3  cells.  Similar  results  were 
obtained  when  cells  were  treated  with  the  other  12-LOX  inhibitor 
BHPP  (data  not  shown). 

DU-145  cells  that  contain  a  mutant  form  of  the  Rb  protein  (24) 
responded  in  a  similar  manner  to  the  PC3  cells.  This  would  indicate 
that  functional  Rb  is  not  required  to  mediate  the  growth  arrest  induced 
by  12-LOX  inhibition.  To  examine  if  other  members  of  the  Rb  family 
are  associated  with  this  effect,  levels  of  pl07  and  pl30  were  examined 
in  the  cells  after  Baicalein  treatment.  Baicalein  induced  a  decrease  in 
the  expression  of  both  pl07  and  pI30  in  DU145  cells  (Fig.  4A). 
Notably,  levels  of  pl30  were  undetectable  by  24  h.  These  results 
suggest  that  these  proteins  may  compensate  for  the  absence  of  func¬ 
tional  Rb  in  DU- 145  cells. 

Effect  of  12-LOX  Inhibition  on  Prostate  Cancer  Cell  Apoptosis. 

To  investigate  the  fate  of  cells  treated  with  12-LOX  inhibitors,  PC3 
and  DU- 145  cells  were  examined  for  levels  of  apoptosis  using  the 
TUNEL  assay.  Baicalein  resulted  in  a  dose-dependent  increase  in 
apoptosis  in  both  cell  lines,  determined  by  FITC-dUTP  staining  in 
cells  (Fig.  5,  A  and  5).  The  induction  of  apoptosis  was  time  depend¬ 
ent,  with  little  effect  occurring  in  either  cell  line  after  24  h.  DU145 
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Fig.  3.  A,  protein  levels  of  cyclin-Dl,  -D3,  and  -E;  CDK-2,  -4,  and  -6;  and  Rb  family 
proteins,  pl07,  Phos-RB,  and  RB  in  Baicalein-treated  PC-3  cells.  B,  protein  levels  of  the 
CDK-inhibitors  pl6,  p21,  p27,  and  p57  in  Baicalein-treated  cells.  Cells  were  treated  with 


25  /iM  Baicalein  for  different  time  intervals  (0,  3,  6,  14,  and  24  h).  Protein  levels  were 
detected  by  Western  blot.  Baicalein  treatment  resulted  in  decreased  expression  of  cyclin 
D1  and  D3,  and  also  decreased  phosphorylation  of  the  Rb  protein. 
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Fig.  4.  A,  protein  levels  of  cyclin-Dl,  -D3,  and  -E;  CDK-2,  -4,  and  -6;  and  Rb  family 
proteins,  pl30,  and  pl07  in  Baicalein-treated  DU-145  cells.  B,  protein  levels  of  the  CDK 
inhibitors  pl6,  p21,  p27,  and  p57  in  Baicalein-treated  cells.  Cells  were  treated  with  25  fjM 
Baicalein  for  different  time  intervals  (0,  3,  6,  14,  and  24  h).  Protein  levels  were  detected 
by  Western  blot.  The  12-LOX  inhibitor  Baicalein  resulted  in  a  strong  decrease  in 
cyclin-Dl  and  -D3  protein  levels,  coupled  to  a  decrease  in  the  levels  of  pRB. 


Baicalein  treatment.  These  effects  on  the  Bcl-family  proteins  would 
result  in  a  dramatic  shift  from  survival  to  apoptosis  in  both  cell  lines. 

The  inhibitor  of  apoptosis  family  member,  survivin,  is  overex¬ 
pressed  in  a  variety  of  human  tumors  (25).  Inhibition  of  12-LOX  by 
Baicalein  treatment  resulted  in  a  strong  decrease  in  survivin  protein 
expression  in  both  PC3  and  DU-145  cell  lines  (Fig.  6,  A  and  B). 
Survivin  has  been  shown  to  inhibit  apoptosis  by  binding  to  active 
caspase-3  and  caspase-7  (26).  During  apoptosis  active  caspase-3  and 
-7  are  formed  by  cleavage  of  the  zymogens.  Caspase-7  has  been 
associated  previously  with  Baicalein-induced  apoptosis  in  gastric  can¬ 
cer  cells  (17).  Treatment  with  25  fm  Baicalein  in  both  cell  lines 
resulted  in  active  caspase-3  and  caspase-7  fragments  (Fig.  6B).  Active 
caspase  was  induced  by  Baicalein  at  24  h  in  PC-3  cells,  at  which  time 
PARP  expression  was  also  reduced,  which  occurs  downstream  of 
caspase-3/7  cleavage.  Therefore,  it  appears  that  the  caspase  cascade  is 
involved  in  Baicalein-induced  apoptosis  in  PC3  cells.  PC3  cells  did 
express  high  levels  of  phosphorylated-Akt  that  reduced  over  time  after 
serum  depletion  (Fig.  6A).  DU- 145  cell  expressed  lower  levels  of  Akt, 
and  Baicalein  treatment  resulted  in  additional  loss  of  phosphorylated 
Akt-1  in  both  cell  lines,  resulting  in  undetectable  levels  by  24  h. 

Effect  of  12-(S)HETE  Add-Back  on  Apoptosis  and  Protein 
Expression  Induced  by  12-LOX  Inhibition.  To  demonstrate  that 
the  effects  observed  in  both  cell  lines  after  treatment  with  the  12-LOX 
inhibitor  Baicalein  are  a  consequence  of  12-LOX  inhibition,  an  add- 
back  experiment  was  performed  in  which  cells  were  treated  with  25 
fiM  Baicalein  in  the  presence  of  the  only  product  of  arachidonic  acid 
metabolization  by  12-LOX,  Le,,  12(S)-HETE.  Treatment  with  12(S)- 
HETE  (100  ng/ml)  blocked  Baicalein-induced  apoptosis  in  both  cell 


lines,  reducing  apoptosis  to  6.6%  in  PC-3  and  18.6%  in  DU- 145  cells 
(Fig.  7,  A  and  B).  This  protective  effect  was  maintained  6ver  time  by 
continued  treatment  with  12(S)-HETE  (at  12-h  intervals).  Treatment 
with  either  5(S)-HETE  or  15(S)-HETE  did  not  block  Baicalein- 
induced  apoptosis,  with  levels  of  apoptosis  similar  to  Baicalein  treated 
cells  (Fig.  7,  A  and  B). 
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Fig.  5.  Effect  of  Baicalein  on  apoptosis  of  PC-3  (i4)  and  DU- 145  (B)  prostate  cancer 
cells.  The  cells  were  treated  with  increasing  concentrations  of  the  Baicalein  (5-25  /xm)  for 
24, 48,  or  72  h.  DNA  fragmentation  was  measured  by  FTTC-dUTP  staining  (TUNEL)  and 
detected  by  flow  cytometry.  Results  were  expressed  as  a  percentage  of  the  total  cells. 
Treatment  with  Baicalein  resulted  in  a  dose-dependent  increase  in  apoptosis  in  both  cell 
lines.  DU- 145  cells  were  more  sensitive  to  Baicalein  than  PC-3  cells,  with  almost  all  cells 
containing  DNA  fragmentation  after  25  (XM  treatment  for  48  h.  The  percentages  are  an 
average  calculated  on  the  results  of  two  separate  experiments;  bars,  ±SE.  C,  represent¬ 
ative  PC-3  and  DU- 145  cells  after  Baicalein  treatment.  DU- 145  cells  are  more  sensitive 
to  Baicalein,  indicated  by  cell  shrinkage  and  loss  of  anchorage,  characteristics  of  apo¬ 
ptosis. 
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pathway  has  been  implicated  in  tumor  cell  proliferation  and  motility, 
regulation  of  apoptosis,  and  in  tumor  angiogenesis  (11-1 3),  We  have 
previously  shown  12>LOX  to  be  expressed  in  the  prostate  cancer  cell 
lines  DU- 145  and  PC3  (15);  however,  its  exact  role  in  these  cells  is 
not  fully  defined.  The  present  study  was  aimed  at  investigating  the 
effect  of  12-LOX  inhibition  on  prostate  cancer  cells  and  more  impor¬ 
tantly,  examining  the  mechanisms  governing  these  effects.  The  results 
from  this  study  indicate  that  the  12-LOX  pathway  is  essential  for 
prostate  cancer  growth  and  survival.  Inhibition  of  12-LOX  by  the 
specific  inhibitors  Baicalein  or  BHPP  resulted  in  a  dose-dependent 
decrease  in  proliferation  of  both  DU- 145  and  PC3  cells.  Inhibition  of 
5-LOX  with  Rev-5901  at  similar  concentrations  had  no  effect  on 
proliferation.  These  results  are  similar  to  those  observed  in  pancreatic 
cancer  cells  after  5-  or  12-LOX  inhibition  (13),  However,  5-LOX  does 
not  appear  to  be  as  critical  in  the  two  prostate  cancer  lines  studied 
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Fig.  6,  A,  protein  levels  of  PARP,  caspasc-3,  -7,  Bcl-2,  Bax,  survivin,  and  phospho- 
rylated-Akt  in  Baicalein-treated  PC-3  cells.  B,  protein  levels  of  caspase-3,  -7,  Bc1-Xl, 
Bcl-Xg,  Bad,  survivin,  and  p-Akt  in  Baicalein-treated  DU-145  cells.  Cells  were  treated 
with  25  fjM  Baicalein  for  different  time  intervals  (0,  3,6, 14,  and  24  h).  Total  protein  (30 
fLg)  was  probed  by  Western  blot  with  different  antibodies.  Baicalein  treatment  resulted  in 
a  strong  decrease  over  time  in  the  survival  proteins  survivin  and  phosphorylated  Akt  in 
both  cell  lines.  In  addition  a  shift  in  the  Bel  family  proteins  favoring  apoptosis  was 
observed,  with  reduced  Bcl-2  and  increased  Bax  in  PC-3  cells,  and  decreased  Bc1-Xl  in 
DU-145  cells. 


To  additionally  demonstrate  that  the  effects  observed  after  Baica¬ 
lein  or  BHPP  treatment  were  through  inhibition  of  12-LOX,  PC-3 
cells  were  treated  with  12(S)-HETE  for  14  h  and  phosphorylated  RB 
expression  examined  by  Western  blot.  The  Rb  protein  was  selected  for 
this  experiment  because  its  levels  were  reduced  most  dramatically  in 
response  to  12-LOX  inhibition,  and  Rb  has  been  implicated  in  both 
cell  cycle  progression  and  apoptosis,  12(S)-HETE  treatment  (100 
ng/ml)  induced  the  expression  of  phosphorylated  Rb  protein  in  PC3 
cells,  whereas  neither  5(S)-HETE  nor  15(S)-HETE  had  any  effect 
(Fig.  7C).  In  addition,  continuous  treatment  with  12(S)-HETE  blocked 
Baicalein-induced  reductions  in  phosphorylated  Rb  at  14  h,  whereas 
5(S)-HETE  and  15(S)-HETE  had  no  such  effect  (Fig.  IQ.  Treatment 
with  12(S)-HETE  but  not  5  or  15(S)-HETE  also  induced  the  expres¬ 
sion  of  phosphorylated  AKT-1  in  both  cell  lines  and  blocked  Baica¬ 
lein-induced  reductions  in  this  protein  (results  not  shown). 


DISCUSSION 

The  arachidonic  acid-metabolizing  enzyme  12-LOX  and  its  only 
metabolite  12(S)-HETE  are  key  regulators  of  tumor  growth.  This 
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Fig.  7.  Effect  of  12-HETE  on  Baicalein-induced  apoptosis  in  PC-3  (A)  and  DU- 145 
cells  (B).  PC-3  or  DU-145  cells  were  incubated  with  100  ng/ml  5(S)-HETE,  12(S)-HETE, 
or  15(S)-HETE  and  treated  with  25  jutM  Baicalein  for  48  h.  HETE  incubation  was  repeated 
at  12-h  intervals.  The  percentage  of  apoptotic  cells  was  calculated  by  FITC-dUTP  labeling 
and  flow  cytometric  determination.  Incubation  with  12(S)-HE'liE  blocked  Baicalein- 
induced  apoptosis,  whereas  incubation  with  either  5(S)-HETE  or  15(S)-HETE  had  no 
protective  effect.  The  percentages  are  an  average  calculated  on  the  results  of  two  separate 
experiments;  bars,  ±SE.  C,  protein  levels  of  pRB  in  PC-3  cells  incubated  with  100  ng/ml 
5-,  12-,  or  15(S)-HETE  and  treated  with  25  /jlm  12-LOX  inhibitor  Baicalein  for  14  h. 
Treatment  with  12(S)-HETE  alone  induced  the  phosphorylation  of  RB  and  blocked 
Baicalein-induced  reductions  in  its  expression. 
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here.  It  is  likely  that  the  family  of  LOXs  are  involved  in  cell  survival 
and  that  different  isoforms  are  more  important  than  others  depending 
on  the  cells  being  studied.  For  example,  5-LOX  has  been  shown 
recently  to  regulate  survival  of  raesothelial  cells  (27). 

To  better  understand  the  anticancer  effects  of  12-LOX  inhibition  in 
prostate  cancer  cells,  we  investigated  which  point  in  the  cell  cycle  is 
affected  by  Baicalein  or  BHPP  treatment.  Treatment  with  either 
12-LOX  inhibitor  resulted  in  a  significant  growth  arrest  in  the  Gq/Gj 
phase  of  both  cell  lines.  The  Gj  arrest  observed  in  this  report  is  similar 
to  that  observed  in  response  to  Baicalein  treatment  in  Hepatoma  cells 
(19),  resulting  in  an  associated  decrease  in  the  S  phase  (or  mitotic)  and 
G2“M  fractions  of  Baicalein-treated  cells.  In  contrast.  Ding  et  al  (13) 
reported  that  Baicalein  treatment  in  pancreatic  cancer  cells  did  not 
induce  a  specific  cell  phase  arrest  and  that  the  inhibition  of  pancreatic 
cancer  cell  proliferation  occurred  in  all  phases  of  the  cell  cycle.  There 
is  substantial  evidence  that  critical  regulatory  steps  occur  during  the 
Gi  phase  of  the  cell  cycle,  which  determine  whether  or  not  the  cell 
will  synthesize  DNA  and  divide.  To  examine  the  molecular  mecha¬ 
nisms  underlying  the  Gj  phase  arrest  observed  in  prostate  cancer  cells, 
we  examined  the  levels  of  the  regulatory  proteins  required  for  tran¬ 
sition  past  the  Gj  restriction  point  of  the  cell  cycle.  Treatment  with 
Bmcalein  or  BHPP  resulted  in  a  time-dependent  decrease  in  cyclin  D1 
and  cyclin  D3  levels.  Within  6  h  of  treatment  with  12-LOX  ii^bitors, 
levels  of  the  D-type  cyclins  were  almost  undetectable.  Inhibition  of 
12-LOX  also  led  to  reductions  in  the  levels  of  CDK-4  (the  catalytic 
partner  of  cyclin  Dl)  in  both  DU- 145  and  PC3  cells  over  time. 

Cyclin  Dl  is  a  proto-oncogenic  regulator  of  the  Gi-S  phase  check¬ 
point  that  has  been  implicated  in  the  pathogenesis  of  several  cancers 
(28-30).  Cyclin  Dl  functions  upstream  of  the  RB  protein  by  binding 
to  CDK-4  or  -6  leading  to  RB  phosphorylation.  The  phosphorylation 
of  RB  in  mid-to-late  Gj  releases  the  transcription  factors  bound  by 
RB,  resulting  in  their  subsequent  binding  to  the  promoter  regions  of 
Various  genes  leading  to  DNA  synthesis  (31).  Within  14  h  of  treatment 
with  either  12-LOX  inhibitor,  levels  of  phosphorylated  RB  were 
undetectable  in  PC3  cells.  These  results  indicate  the  mechanism  of  Gj 
growth  arrest  induced  by  12-LOX  inhibition  in  PC3  cells:  reduction  in 
p-type  cyclins,  which  then  result  in  decreased  phosphorylation  of  RB, 
resulting  in  the  RB  protein  remaining  bound  to  the  transcription 
factors  required  for  DNA  synthesis.  Because  DU-145  cells  that  con¬ 
tain  a  mutant  form  of  the  RB  protein  (24)  responded  in  a  similar 
manner  to  the  PC3  cells,  we  examined  whether  other  members  of  the 
RB  family  compensated  for  the  loss  of  functional  RB.  We  observed  a 
strong  reduction  in  the  levels  of  both  pl07  and  pl30  after  treatment 
with  Baicalein  in  DU-145  cells'  These  results  indicate  that  12-LOX 
inhibition  does  not  only  result  in  blocking  phosphorylation  of  func¬ 
tional  RB  protein  but  that  it  may  regulate  other  cell  pathways  that 
compensate  for  mutations  in  certain  cells.  Therefore,  it  suggests  a 
broader  potential  for  Baicalein  and  BHPP  as  anticancer  agents  in  a 
variety  of  cancers  by  blocking  cell  cycle  progression.  Interestingly, 
Baicalein  treatment  also  reduced  levels  of  cdk-2,  which  complexes 
with  cyclin-E  later  in  Gj,  to  also  phosphorylate  the  RB  protein. 
However,  cyclin-E  expression  remained  unchanged  after  treatment  in 
either  cell  line.  The  effects  of  Baicalein  treatment  on  cell  cycle 
proteins  were  shown  to  be  through  12-LOX  inhibition,  as  addition  of 
100  ng/ml  of  the  end  product  12(S)-HETE  partially  restored  phos¬ 
phorylated  RB  levels.  In  contrast,  addition  of  5(S)-HETE  or  15(S)- 
HETE  did  not  restore  phosphorylated  RB  levels  after  Baicalein  treat¬ 
ment.  Furthermore,  treatment  of  PC3  cells  with  12(S)-HETE  alone 
resulted  in  increased  expression  of  phosphorylated  RB,  an  effect  that 
was  not  observed  when  cells  were  treated  with  similar  amounts  of 
5(S)-  or  15(S)-HETE. 

Because  12-LOX  inhibition  decreased  cell  proliferation  and  per¬ 
turbed  the  cell  cycle,  we  were  interested  in  determining  the  effects  of 


12-LOX  inhibition  on  prostate  cancer  cell  apoptosis  and  the  underly¬ 
ing  mechanisms  responsible  for  these  effects.  Inductionrof  apoptosis 
in  prostate  cancer  cells  after  treatment  with  an  analogue  of  Baicalein; 
Le,,  baicalin,  was  reported  previously  (20).  Our  results  show  that 
Baicalein  treatment  in  PC3  and  DU- 145  cells  directly  induces  apo¬ 
ptosis,  with  DU-145  cells  being  more  sensitive  to  Baicalein-induced 
apoptosis  compared  with  the  PC3  cells. 

As  illustrated  in  Fig.  7,  we  found  that  simultaneous  addition  of 
12(S)-HETE  to  Baicalein-treated  cells  prevented  the  induction  of 
apoptosis,  lowering  the  apoptotic  fraction  to  6.6%  arid  18.6%  in  PC-3 
and  DU- 145  cells,  respectively.  However,  addition  of  other  LOX 
products,  5(S)-HETE  or  15(S)-HETE,  did  not  protect  the  cells  from 
Baicalein-induced  apoptosis.  These  results  indicate  the  specific  re¬ 
quirement  for  the  12-LOX  pathway  for  the  survival  of  these  cells. 
There  are  several  reports  suggesting  that  5-LOX  is  the  critical  LOX 
enzyme  mediating  survival  in  prostate  cancer  cells  (32,  33).  In  these 
reports  the  FLAP  inhibitor  MK886  was  shown  to  induce  apoptosis 
associated  with  increased  oxidative  stress.  The  differences  observed  in 
our  study  could  be  because  a  different  5-LOX  inhibitor,  Rev-5901, 
was  used.  This  is  supported  by  the  fact  that  the  FLAP  inhibitor 
MK886  has  been  shown  to  induce  apoptosis  independent  of  FLAP 
inhibition,  suggesting  an  alternate  mechanism  unrelated  to  5-LOX 
inhibition  (34).  In  addition,  unlike  the  results  observed  using  Baica¬ 
lein  and  BHPP,  two  inhibitors  of  5-LOX  induced  apoptosis  by  two 
morphologically  distinct  pathways  in  the  same  cell  line,  suggesting 
that  5-LOX  inhibition  is  not  the  convergent  point  for  apoptosis  in¬ 
duction  by  these  inhibitors  (35). 

In  this  study,  we  examined  the  mechanisms  underlying  the  induc¬ 
tion  of  apoptosis  after  12-LOX  inhibition.  Results  from  this  laboratory 
have  reported  previously  that  the  Bel  family  of  proteins  are  involved 
in  apoptosis  induced  by  LOX  inhibition  in  rat  Walker-256  carcinoma 
cells  (4).  In  that  study  LOX  inhibition  resulted  in  a  down-regulation 
of  the  antiapoptotic  Bcl-2  protein  and  a  dramatic  decrease  in  the 
Bcl-2:Bax  ratio,  which  could  be  blocked  by  BcL2  overexpression.  In 
this  study,  we  found  a  similar  decrease  in  Bcl-2  levels  in  both  cell 
lines  after  12-LOX  inhibition,  and  this  reduction  was  coupled  to  an 
increased  expression  of  the  proapoptotic  protein  Bax  in  the  PC3  cells. 
DU- 145  cells,  on  the  other  hand,  did  not  express  Bax;  however, 
treatment  with  Baicalein  resulted  .in  decreased  expression  of  another 
antiapoptotic  protein  of  the  same  family,  Bc1-Xl,  whereas  levels  of  its 
proapoptotic  partner,  Bcl-Xg,  were  unaltered.  Therefore,  in  each  cell 
line,  Baicalein  altered  the  expression  of  different  Bcl-family  protein 
members,  resulting  in  a  shift  in  their  ratios  favoring  apoptosis,  once 
again  suggesting  the  broad  applicability  of  these  inhibitors  to  cancer 
treatment. 

Survivin,  a  member  of  the  inhibitor  of  apoptosis  family,  is  overex- 
pressed  in  the  majority  of  human  cancers,  including  cancer  of  the 
prostate  (25,  36).  Treatment  with  Baicalein  resulted  in  a  strong  de¬ 
crease  in  survivin  expression  over  time,  resulting  in  undetectable 
levels  in  both  PC3  and  DU- 145  cells  by  14  h.  Survivin  has  been 
shown  to  inhibit  apoptosis  by  binding  to  active  caspase-3  and 
caspase-7  (26).  In  our  study,  we  observed  that  treatment  of  both  cells 
with  Baicalein  resulted  in  increased  expression  of  active  caspase-3 
and  caspase-7.  These  time  points  correlated  with  decreased  levels  of 
the  survivin  protein.  In  addition,  we  observed  decreased  PARP  levels 
in  PC3  cells  after  24-h  treatment  with  Baicalein,  which  occurs  down¬ 
stream  of  caspase-3/7  cleavage.  These  results  indicate  that  caspase- 
mediated  apoptosis,  in  response  to  decreases  in  survivin  expression,  is 
responsible  for  apoptosis  observed  after  12-LOX  inhibition.  A  recent 
report  has  observed  a  strong  association  of  survivin  expression  with 
Bcl-2  expression  in  cervical  carcinoma  tissues  (37),  indicating  that 
survivin  may  be  related  to  the  Bel  family  protein  expression.  -Our 
results  support  this  association,  as  we  observed  decreased  survivin  and 
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reduced  Bcl-2  protein  expression  in  response  to  12-LOX  inhibition  in 
both  cell  lin^s.  We  also  observed  decreased  levels  of  phosphorylated 
Akt-1  in  both  PC3  and  DU-145  cells  after  treatment  with  Baicalein  or 
BHPPi>  Akt  activation  has  been  shown  previously  to  induce  survival 
and  suppress  apoptosis  through  increased  phosphorylation  of  Bad  and 
subsequent  liberation  of  antiapoptotic  proteins  of  the  Bel  family  (38). 
Therefore,  decreased  expression  of  Bcl-2  and  Bc1-Xl  in  the  cells  may 
also  be  a  result  of  decreased  levels  of  phosphorylated  Akt  after 
12-LOX  inhibition.  Interestingly,  Akt  has  also  been  shown  to  enhance 
the  translation  of  cyclin  D1  (39),  and  previous  reports  have  shown  that 
treatment  with  antisense  cyclin  D1  resulted  in  a  strong  induction  of 
apoptosis  in  human  squamous  carcinoma  (40).  Our  results  implicate  a 
similar  mechanism  may  be  involved  in  prostate  cancer  cells,  and  that 
Baicalein-induced  decreases  in  phosphorylated-Akt  may  affect  both 
progression  through  the  cycle  and  apoptosis  in  prostate  cancer  cells.  In 
either  case,  the  fact  that  two  major  apoptotic  pathways  are  stimulated 
simultaneously  in  response  to  12-LOX  inhibition  highlight  its  critical 
role  in  cell  survival. 

In  summary,  we  have  shown  that  the  12-LOX  pathway  of  arachi- 
donic  acid  metabolism  regulates  cell  growth,  survival,  and  apoptosis 
of  human  prostate  cancer  cells.  Inhibition  of  12-LOX  led  to  growth 
inhibition  associated  with  a  specific  Gj  arrest,  followed  by  induction 
of  apoptosis  through  caspase  and  Bcl-mediated  mechanisms.  There¬ 
fore,  the  inhibition  of  12-LOX  is  a  potential  therapeutic  approach  in 
the  treatment  of  prostate  cancer. 
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12(S)-Hydroxyeicosatetraenoic  acid  (12(S)-HETE),  a 
12-lipoxygenase  metabolite  of  arachidonic  acid,  has 
multiple  effects  on  tumor  and  endothelial  cells,  includ¬ 
ing  stimulation  of  invasion  and  angiogenesis.  However, 
the  signaling  mechanisms  controlling  these  physiologi¬ 
cal  processes  are  poorly  understood.  In  a  human  epider¬ 
moid  carcinoma  cell  line  ijLe,  A431),  12(S)-HETE  acti¬ 
vates  extracellular  signal-regulated  kinases  1/2  (ERKl/ 
2),  which  is  mediated  by  upstream  kinases  MEK  and  Raf. 
12(S)-HETE  stimulates  phosphorylation  of  phospho¬ 
lipase  Cyl  and  activity  of  protein  kinase  Ca  (PKCa).  In 
addition,  independent  of  PKC  12(S)-HETE  increases  ty¬ 
rosine  phosphorylation  of  She,  and  Grb2,  stimulates  as¬ 
sociation  between  She  and  Sre,  and  increases  the  activ¬ 
ity  of  Ras,  via  Sre  family  kinases.  Furthermore,  at  low 
(10-100  um)  concentrations  12(iS)-HETE  counteracts  epi¬ 
dermal  growth  factor-stimulated  activation  of  ERKl/2 
via  stimulating  protein  tyrosine  phosphatases.  We  also 
present  evidence  that  12(S)-HETE  stimulates  ERKl/2  via 
G  proteins  and  that  A431  cells  have  multiple  binding 
sites  for  12(S)-HETE.  Finally,  inhibition  of  12-lipoxyge¬ 
nase  induced  apoptosis  of  A431  cells,  which  was  re¬ 
versed  by  addition  of  exogenous  12(S)-HETE.  Collec¬ 
tively  we  demonstrate  that  the  activation  of  ERKl/2  by 
12(8)-HETE  may  be  regulated  by  multiple  receptors  trig¬ 
gering  PKC-dependent  and  PKC-independent  pathways 
in  A431  cells. 


Tumor  cell-host  interactions  are  fundamentally  influenced 
by  bioactive  lipids  produced  by  the  tumor  cells  themselves,  as 
well  as  by  the  infiltrating  leukocytes,  monocjrtes,  and  by  aggre¬ 
gation  with  platelets  (1).  Previous  studies  have  demonstrated 
that  one  of  the  most  important  lipid  metabolites  to  influence 
tumor  progression  is  the  lipoxygenase  metabolite  12(jS)-hy- 
droxyeicosatetraenoic  acid  (12(iS)-HETE).^  This  eicosanoid 
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stimulates  several  steps  of  tumor  invasion  and  motility  (2—4), 
protects  tumor  cells  from  apoptosis  (5),  and  promotes  angiogen¬ 
esis  (6).  Initial  studies  suggest  that  the  pleiotropic  effects  of 
12(Si)-HETE  on  tumor  cells  are  mediated  by  an  eicosanoid 
receptor  which  activates  protein  kinase  C  (PKC)  (7). 

The  extracellular  signal-regulated  kinases,  ERKl  and  -2, 
also  known  as  p44  and  p42  mitogen-activated  protein  kinases 
(p42/44  MAPK),  respectively,  are  well  characterized  as  conver¬ 
gence  points  of  numerous  signal  transduction  pathways. 
Through  their  diverse  substrates,  ERKs  modulate  nuclear,  as 
well  as  c3rtoplasmic  events  in  cells  resulting  in  increased  pro¬ 
liferation  (8),  differentiation  (9),  changes  in  cell  morphology  (9), 
and  motility  (10).  It  is  well  established  that  receptor-tyrosine 
kinases  activate  ERK  via  the  consecutive  stimulation  of  the 
guanine  nucleotide  exchange  factor  Sos,  monomeric  G  protein 
Ras,  and  the  Raf-MEK-MAPK  cascade  of  protein  kinases.  In 
addition  to  growth  factor  receptors  with  tyrosine  kinase  activ¬ 
ity,  G  protein-coupled  receptors  also  are  stimulators  of  ERK.  G 
proteins  can  influence  ERK  activity  via  multiple  mechanisms 
(11),  which  include  activation  of  tyrosine  kinases  such  as  the 
EGF  receptor  (12)  or  Sre  (13),  stimulating  the  early  stages  of 
the  conventional  cascade.  Alternatively,  G  proteins  may  acti¬ 
vate  ERK  by  promoting  the  production  of  lipid  second  messen¬ 
gers  via  phospholipase  C  (PLC)  or  phosphatidylinositide  3-ki- 
nase  resulting  in  the  activation  of  PKC.  Protein  kinase  C  in 
turn  can  stimulate  the  ERK  cascade  through  Raf  and  MEK. 

An  earlier  study,  reported  that  12(S)-HETE  increased  the 
tsnrosine  phosphorylation  of  ceUular  proteins  migrating  in  the 
40^50-kDa  range  (14),  which  led  us  to  hypothesize  that  ERKl/2 
may  be  mediators  of  12(S)-HETE-induced  cellular  responses. 

In  this  study  we  identify  ERKl/2  as  signaling  targets  of 
exogenous  12(S)-HETE  in  A431  epidermoid  carcinoma  cells, 
and  we  describe  the  signaling  mechanisms  leading  to  this  stim¬ 
ulation  through  the  following:  (a)  the  Sre  family-mediated  ac¬ 
tivation  of  PLCyl  and  PKCa,  (6)  Sre  family-mediated  tyrosine 
phosphorylation  of  She  and  subsequent  stimulation  of  the  Raff 
MEK/ERK  cascade  via  Ras.  Furthermore,  we  provide  evidence 
for  the  involvement  of  G  proteins  in  12(S)-HETE  signaling. 

EXPERIMENTAL  PROCEDURES 

Antibodies  and  Reagents — ^Anti-phospho-specific  ERK,  anti-phospho- 
specific  MEK,  anti-phospho-specific  Elk,  and  phospho-specific  epider¬ 
mal  growth  factor  (EGF)  receptor  antibodies  were  purchased  from  New 
England  Biolabs  (Beverly,  MA).  Anti-phospho-specific  PKCa  was  pur¬ 
chased  from  Upstate  Biotechnology,  Inc.  (Lake  Placid,  NY).  Anti-pan- 
ERK,  Ras,  MEK,  PY20,  She,  Grb2,  anti-PKCa,  and  PKC  sampler  kit 
antibodies  to  screen  PKC  isot3q)e  expression  were  from  Transduction 
Laboratories  (Lexington,  KY).  Anti-actin  was  from  ICN  (Costa  Mesa, 
CA),  and  horseradish  peroxidase-conjugated  secondary  antibodies  were 
purchased  from  Amersham  Pharmacia  Biotech.  Anti-Raf-1,  PLC)32, 
PLCyl,  and  Sre  (SRC  2,  which  recognizes  Sre,  Yes,  and  Fyn)  were  from 
Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  5-,  11-,  12-,  and  15(S)- 
HETE  were  purchased  from  Ca3mian  Chemicals  (Ann  Arbor,  MI).  Pro¬ 
tein  G-Sepharose  4B  was  from  Z3uned  Laboratories  Inc.  (South  San 
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Francisco,  CA).  The  inhibitors  Go6976  (inhibitor  of  conventional  PKC 
isozymes,  IC50  2.3  nM  (15),  solvent:  ethanol),  PP2  (inhibitor  of  Src  family 
kinases  (16),  solvent:  ethanol),  PD98059  (inhibitor  of  MEK,  IC50  2  /aM 
(17)  solvent:  ethanol),  TyrphostinSl  (inhibitor  of  EGF  receptor  tyrosine 
kinase,  ICgo  800  nM  (18),  solvent:  MeaSO),  FTase  inhibitor  II  (inhibitor 
of  famesyltransferase,  ICso  50  nM  (19)  solvent:  H2O),  and  suramin 
(inhibitor  of  G  proteiii-receptor  coupling  (20)  solvent:  HgO)  were  from 
Calbiochem.  The  specific  peptide  substrate  for  Src  kinase  assay, 
KVEKIGEGTYGWYK,  was  purchased  from  Upstate  Biotechnology, 
Inc.  The  12-lipoxygenase-selective  inhibitor  A/’-benzyl-i\r-hydroxy-5-phe- 
nylpentanamide,  BHPP  (21),  was  a  generous  gift  from  Biomide  Corp 
(Grosse  Pointe  Farms,  MI).  All  other  chemicals  were  obtained  from 
Sigma. 

Cell  Culture — ^The  human  epidermoid  carcinoma  cell  line  A431 
(American  Tissue  Cultiire  Collection,  Manassas,  VA)  was  cultiired  in 
Dulbecco*s  modified  Eaglets  media  (DMEM)  supplemented  with  10% 
fetal  bovine  serum  (Life  Technologies,  Inc.)  and  25  mg/liter  gen¬ 
tamicin  (Life  Technologies,  Inc.).  Cells  were  passaged  with  0.05% 
trypsin-EDTA. 

Platelet  type  12  lipoxygenase-transfected  A431  cells  were  described 
earlier  (22). 

For  drug  treatments,  A431  cells  (1.5  X  10®)  were  plated  in  6-well 
plates,  cultured  for  1  day  in  DMEM  supplemented  with  10%  fetal 
bovine  serum,  and  then  senim-starved  overnight  (20  h).  Fresh  serum- 
free  DMEM  was  added  1  h  prior  to  treatments.  Inhibitors  (at  the 
concentrations  indicated  in  the  figure  legends)  or  vehicle  (0.1%)  treat¬ 
ment  was  15  min  before  stimulation  with  12(S)-HETE  or  other  chemi¬ 
cals,  with  the  exception  of  famesyltransferase  inhibitor  (FTase  inhibi¬ 
tor  II,  1  h)  and  Src  family  kinase  inhibitor  (PP2,  30  min). 

Immunohlotting—Ce\is  were  rinsed  twice  with  ice-cold  phosphate- 
buffered  saline  (PBS)  and  lysed  with  200  /xl  of  boiling  gel  loading  buffer 
(20%  glycerol;  2%  SDS;  2.5  X  10"^g/ml  bromphenol  blue;  125  mM  Tris 
base,  pH  6.8;  5%  2-mercaptoethanol).  Cell  lysates  were  sonicated  briefly 
and  boiled  for  5  min.  Aliquots  (20  pi)  were  resolved  on  10  or  4—20% 
SDS-polyacrylamide  gels  (the  latter  from  Fisher)  and  electrotransferred 
onto  nitrocellulose  membrane  (Bio-Rad).  In  gels  used  to  detect  the 
mobility  shift  of  phosphorylated  proteins,  the  acrylamide:bisaciylamide 
ratio  was  118:1.  Membranes  were  probed  with  the  antibodies  indicated 
in  the  text,  and  bands  were  visualized  with  the  Supersignal  system 
(Pierce).  Blots  were  routinely  stripped  at  50  ®C  for  30  min  in  stripping 
buffer  (0.7%  2-mercaptoethanol;  2%  SDS;  62.5  mM  Tris-HCl,  pH  6.7) 
and  reprobed  with  other  antibodies.  Densitometric  analysis  of  the  West¬ 
ern  blots  was  performed  with  an  LKB  2222-010  UltroScan  XL  laser 
densitometer  (Bromma,  Sweden). 

Immunoprecipitation — Cells  were  serum-starved  overnight,  pre¬ 
treated  with  drugs,  followed  by  washing  with  ice-cold  PBS.  For  immu¬ 
noprecipitation  under  denaturing  conditions,  cells  were  lysed  (200  pi 
boiling  1%  SDS;  10  mM  Tris,  pH  7.4),  boiled  for  5  min,  and  briefly 
sonicated.  Cell  lysates  were  centrifuged  (13,000  X  g,  5  min),  and  equal 
amounts  of  debris-free  supernatant  was  mixed  with  1  ml  of  IP  buffer 
(1%  Triton  X-100;  150  mM  NaCl;  10  mM  Tris,  pH  7.4;  1  mM  EDTA;  1  mM 
EGTA;  0.2  mM  Na3V04;  0.2  mM  PMSF;  0.5%  Nonidet  P-40)  and  anti- 
phosphotyrosine  (3  pg)  or  other  antibodies  (1  pg).  In  the  case  of  non¬ 
denaturing  immimoprecipitation,  cells  were  rinsed  with  ice-cold  PBS 
and  scraped  off  into  1  ml  of  ice-cold  IP  buffer,  sonicated,  incubated  with 
agitation  for  30  min  at  4  ®C,  and  centrifuged  (13,000  x  g,  10  min)  to 
remove  insoluble  material.  Equal  amounts  of  protein  were  mixed  with 

2  pg  of  antibody  for  3  h  and  then  with  50  pi  of  protein  G-Sepharose. 
After  overnight  incubation  (4  ®C),  beads  were  washed  twice  with  dilu¬ 
tion  buffer  (10  mM  Tris-HCl,  pH  8.0;  140  mM  NaCl;  0.1%  Triton  X-100; 
0.1%  BSA;  0.025%  NaNg)  and  once  with  TSA  solution  (10  mM  Tris-HCl; 
140  mM  NaCl;  0.025%  NaNg).  For  PLC/32  coprecipitation  with  G^  an¬ 
tibody  anti-G^  (2  pg)  was  mixed  with  protein  GSepharose  (50  pi)  for 

3  h  and  then  washed  (2  times)  with  IP  buffer  before  mixing  with  ceU 
lysates.  Immimocomplexes  were  denatured  by  boiling  in  gel  loading 
buffer. 

ERK  Kinase  Assay — ^Kinase  assays  were  performed  \ising  an  MAPK 
assay  kit  from  New  England  Biolabs  according  to  the  manufacturer’s 
recommendations.  Briefly,  activated  ERK  was  precipitated  from  cell 
lysates  using  anti-phospho-ERK  antibody,  and  precipitates  were  incu¬ 
bated  with  a  specific  substrate,  Elk-1,  and  ATP.  The  reaction  was 
terminated  by  adding  boiling  gel  loa^ng  buffer.  ERK  activity  was 
detected  by  immunoblotting  the  products  of  the  kinase  reaction  with 
anti-phospho-Elk  antibody. 

Raf  Kinase  Assay — Raf  kinase  assay  was  performed  using  the  c-Rafl 
immunoprecipitation  kinase  cascade  assay  kit  from  Upstate  Biotech¬ 
nology,  Inc.,  according  to  the  protocol  provided  by  the  manufacturer. 
Briefly,  Raf  was  precipitated  and  incubated  with  GST-MEK  and  GST- 


ERKl  in  P^P] ATP  (PerkinElmer  Life  Sciences)  containing  buffer.  ERKl 
was  recovered  on  phosphocellulose  paper,  and  the  incorporated  radio¬ 
activity  was  measured  with  a  190  OTR  Liquid  Scintillation  Analyzer 
(Packard  Instrument  Co.). 

Src  Kinase  Assay — ^After  various  treatments,  A431  cells  were  lysed, 
and  Src  was  precipitated  under  non-denaturing  conditions  with  anti- 
Src  polyclonal  antibody  (SRC2;  3  pg^sample).  Precipitates  were  washed 
(1  time)  with  lysis  buffer  gmd  then  (3  times)  with  0.5  M  LiCl,  Tris-HCl, 
pH  7.5,  and  1  time  in  25  mM  Tris-HCl,  pH  7.5,  then  resuspended  and 
incubated  at  room  temperature  for  30  min  in  15  p.1  of  kinase  buffer  (50 
mM  Tris-HCl,  pH  7.5;  5  mM  MgClg;  25  jtiM  ATP;  1  p.g/sample  Src 
substrate;  5  pCi  of  P^P]ATP).  The  reaction  was  terminated  by  adding 
20  pi  of  2  X  gel  loading  buffer  and  boiling  for  5  min.  Samples  were  run 
on  15%  SDS-polyacrylamide,  and  incoiporated  radioactivity  was  quan¬ 
titated  with  a  Storm  940  Phosphorlmager  (Molecular  Dynamics, 
Sunnyvale,  CA). 

Ras  Assay — ^Ras  activity  was  assessed  using  Raf-1  RBD  (Upstate 
Biotechnology,  Inc.)  accortog  to  the  manufacturers  protocol.  Briefly, 
beads  conjugated  to  the  Ras  binding  domain  (RBD)  of  Raf  were  used  to 
precipitate  GTP-bound  Ras.  The  amount  of  precipitated  Ras  was  deter¬ 
mined  by  Western  blotting,  with  a  pan  antibody  that  recognizes  all 
htunan  isoforms  of  Ras. 

PKC  Translocation — ^Translocation  of  PKC  was  determined  as  de¬ 
scribed  previously  (7,  23).  Following  12(S)-HETE  treatment,  cells  were 
rinsed  (twice)  with  cold  PBS,  scraped  off,  and  homogenized  with  26- 
gauge  needle  in  2  ml  of  buffer  A  (25  mM  Tris-HCl,  pH  7.6;  1  mM  EGTA; 
aprotinin  (5  pg/ml);  leupeptin  (10  pg/ml)  and  1  mM  PMSF).  Membrane 
and  C3ftosolic  fractions  were  separated  by  centrifugation  (100,000  X  g\ 
1  h,  4  ®C).  The  membrane  fraction  was  rinsed  (twice)  with  buffer  A  and 
resuspended  in  buffer  A  containing  1%  Nonidet  P-40.  Samples  were 
applied  to  a  1-ml  DEAE-Sepharose  column  (Sigma)  equilibrated  with 
buffer  B  (20  mM  Tris-HCl,  pH  7.5;  2  mM  EDTA;  1  mM  2-mercaptoetha- 
nol;  0.2  mM  PMSF;  0.15  mM  pepstatin  A).  PKC  was  eluted  with  2  ml  of 
buffer  B  containing  120  mM  NaCl.  Samples  were  concentrated  using  a 
Centricon  (Amicon,  Beverly,  MA),  and  the  protein  concentration  was 
determined  with  the  BCA  protein  assay  kit  (Pierce). 

Inhibition  of  PKC  Activity — PKC  activity  was  inhibited  using  two 
approaches.  First,  cells  were  treated  with  PKC  inhibitor  as  described 
above.  Second,  PKC  protein  level  in  A431  cells  was  down-regulated  with 
chronic  PMA  treatment  (22  h,  100  nM)  in  serum-free  media  (24).  Phor- 
bol  ester-containing  media  were  removed  1  h  prior  to  initiating  treat¬ 
ment  with  various  drugs,  and  cells  were  washed  (twice)  with  serum-free 
DMEM. 

Binding  Assay — 2  X  10®  cells  were  plated  per  well  of  24-well  plates 
(Coming  Glass),  cultured  for  1  day  under  regular  growth  conditions, 
and  then  serum-starved  overnight.  Prior  to  performing  the  binding 
assay,  cell  count/well  was  determined,  and  media  were  changed  to  12.5 
mM  HEPES,  pH  7.4,  containing  4  ®C  cold  DMEM,  and  plates  were 
placed  at  4*C  for  30  min.  Binding  assay  was  initiated  by  adding 
[®H]12(S)-HETE  with  or  without  1000 X  concentration  of  cold  12(S)- 
HETE  or  other  eicosanoids  in  DMEM/HEPES  at  final  volume  of 400  /ml. 
The  plates  were  kept  \mder  constant  and  gentle  swirling  at  4  °C  for  the 
times  indicated  in  the  text.  Following  the  incubation  period  60%  of  the 
binding  media  was  set  aside  and  the  rest  decanted,  and  plates  were 
washed  4  times  with  PBS,  and  cells  were  solubilized  with  300  /ml  of  0.1 
M  NaOH  for  10  min  at  room  temperature.  Cell  lysates  or  200  /ml  of  the 
binding  media  were  mixed  with  Ultima  Gold  scintillation  liquid  (Pack¬ 
ard  Instrument  Co.),  and  radioactivity  was  measured  with  a  Packard 
1900TR  scintillation  counter.  Each  sample  was  counted  for  20  min  to 
acciimulate  at  least  500  covmts.  Data  points  under  3  nM  PH]12(S)- 
HETE  concentration  represent  the  mean  of  triplicate  determinations, 
and  at  higher  concentrations  duplicates  were  used. 

Analysis  of  pH]12(S)-HETE  Incorporation  into  Membrane  Frac¬ 
tion — 3  X  10®  cells  were  incubated  similar  to  binding  assay  with  3  nM 
PH]12(S)-HETE  in  the  presence  or  absence  of  300  nM  (100  times)  cold 
12(S)-HETE  for  30  min  and  rinsed  4  times  with  PBS;  cells  were  scraped 
off  and  homogenized  with  brief  sonication  in  2  ml  of  buffer  A  (25  mM 
Tris-HCl,  pH  7.6;  1  mM  EGTA;  aprotinin  (5  /mg/ml);  leupeptin  (10  /mg/ml) 
and  1  mM  PMSFX  Membrane  and  cytosolic  fractions  were  separated  by 
centrifugation  (100,000  X  g;  1  h,  4  ®C).  The  membrane  fraction  was 
rinsed  (4  times)  with  buffer  A  and  solubilized  with  sonication  in  1% 
SDS,  10  mM  Tris,  pH  7.4.  Lipids  were  extracted  with  1  ml  of  chloroform: 
methanol  (1:1).  Lipids  dissolved  in  the  chloroform  layer  were  loaded  on 
Whatman  silica  gel  60A  thin  layer  chromatography  plates  and  devel¬ 
oped  with  ethyl  acetate:methyl  chloride:glacial  acetic  acid  (5:5:1). 
Plates  were  dried,  and  position  of  lipids  was  determined  following 
treatment  with  iodine  vapor.  Ten  identical  areas  of  each  lane  were 
scraped  into  scintillation  vials,  and  Ultima  Gold  scintillation  fluid 
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added  ai®  radioactivity  measured  with  a  Packard  1900TR  scintillation 
counter. 

DNA  Fragmentation  Assay — Cells  (2.5  X  10®)  were  grown  in  10-cm 
tissue  cultxire  dishes  in  DMEM  until  90%  confluent  and  serum-starved 
(18  h)  prior  to  experimental  use.  Cells  were  washed  with  PBS  (3  times) 
and  then  either  treated  with  BHPP  at  different  concentrations  (25,  50, 
100  fiM)  for  24  h  or  pretreated  with  12(<S)-HETE  at  1  /jtM  for  5  h.  Equal 
amounts  of  ethanol  were  used  as  a  vehicle  control.  Subsequently,  cells 
were  harvested  with  a  rubber  policeman,  and  fragmented  DNA  was 
extracted  with  200  pi  of  the  lysis  buffer  (50  nM  Tris-HCl,  pH  7.5, 20  mw 
EDTA,  1%  Nonidet  P-40)  for  5  min.  Samples  were  then  centrifuged  at 
500  X  ^  for  5  min.  The  resultant  supernatants  were  transferred  to  a 
clean  set  of  Eppendorf  tubes,  and  pellets  were  dissolved  in  200  pi  of 
lysis  buffer  and  extracted  for  2  min.  Samples  were  centrifuged  again, 
and  the  resultant  supernatants  were  combined  with  previous  superna¬ 
tants.  Subsequently,  SDS  and  DNase-free  RNase  (Ambion,  Austin,  TX) 
were  added  to  the  pooled  supernatants  to  the  final  concentration  of 
0.1%  and  5  mg/ml,  respectively,  and  samples  were  incubated  at  56  ®C 
for  2  h.  At  the  end  of  RNase  treatment,  proteinase  K  (2.5  ml/ml)  was 
added,  and  samples  were  further  incubated  for  2  h  at  37  °C.  Samples 
were  extracted  once  with  alkaline  phenolxhloroformrisoamyl  alcohol 
(25:24:1)  and  DNA  precipitated  with  0.3  M  NaAc,  pH  5.2.  DNA  from 
equal  number  of  cells  or  equal  amounts  of  DNA  (20  pg)  were  run  on  a 
1.2%  agarose  gel,  and  the  DNA  ladder  formation  was  visualized  by 
ethidium  bromide  staining. 

RESULTS 

12(S)-HETE  Activates  /2— FoUowing  12(S)-HETE 

treatment  both  ERKl  and  -2  were  transiently  activated,  as 
determined  by  Western  blot  analyses  with  an  antibody  to  the 
activated  forms  of  ERKl/2.  A  single  peak  of  activation  (10-fold) 
was  observed  10  min  after  stimulation  with  12(S)-HETE  (300 
nM)  (Fig.  lA).  The  increase  in  ERKl/2  phosphorylation  was 
detected  as  early  as  2  min,  returned  to  basal  level  30  min  after 
stimulation,  and  was  concentration-dependent  in  the  0-500  nM 
12(iS)-HETE  range  (Fig.  IB).  These  results  were  confirmed 
with  an  in  vitro  kinase  assay  where  an  increase  in  phosphoryl¬ 
ation  of  a  MAPK-specific  substrate,  Le.  Elk,  paralleled  the 
increase  in  ERKl/2  activity  (Fig.  1,  A  and  B). 

To  test  whether  12(iSf)-HETE  is  unique  or  whether  other 
eicosanoids  also  activate  ERKl/2  in  A431  cells  in  similar  dose 
and  time  ranges,  cells  were  treated  with  5(S)-HETE,  11(5)- 
HETE,  12(5)-HETE,  and  15(5)-HETE  (300  nM,  10  min).  Anti- 
phospho-ERK  probed  Western  blots  revealed  (Fig.  1C)  that 
xmder  these  conditions  12(S)-HETE  is  the  most  potent  activa¬ 
tor  of  ERKl/2,  whereas  11(5)-HETE  was  50%  less  potent.  5- 
and  15(S)-HETE  stimulated  ERKl/2  only  to  the  extent  of 
5-15%  of  12(S)-HETE,  respectively.  These  results  indicate  that 
multiple  HETEs  may  activate  ERKl/2  in  A431  cells,  but  12(5)- 
HETE  is  the  most  potent,  suggesting  that  this  function  is 
mediated  by  a  specific  response. 

To  investigate  whether  activation  of  ERK  kinase  by  12(5)- 
HETE  was  restricted  to  the  A431  cell  line,  we  tested  human 
melanoma  (WM983B  and  HT168),  human  prostate  carcinoma 
(DU145),  mouse  melanoma  (B16a),  mouse  lung  carcinoma 
(3LL),  endothelial  (RVECT  and  HUVEC)  as  well  as  Chinese 
hamster  ovary  and  African  green  monkey  kidney  (COS-1)  cell 
lines.  In  these  cell  lines,  with  the  exception  of  HT168,  Chinese 
hamster  ovary,  and  COS-1  cells,  12(5)-HETE  also  increased 
ERKl/2  activity  within  10  min  of  treatment  (data  not  shown). 
These  findings  indicate  that  12(5)-HETE  activation  of  ERKl/2 
is  not  unique  to  A431  cells,  but  neither  is  it  a  ubiquitous 
phenomenon. 

Other  investigators  (25)  have  reported  that  12(5)-HETE  in¬ 
creases  the  activity  of  another  MARK,  Le.  c-Jun  N-termingd 
kinase.  In  contrast,  by  using  A431  cells,  we  foimd  no  evidence 
that  either  p38  or  JNK  mitogen-activated  protein  kinases  were 
stimulated  by  this  lipid  mediator  in  a  similar  time  and  dose 
range  as  observed  for  ERK  (data  not  shown). 

The  activity  of  ERK  can  be  modulated  at  several  levels  in  the 
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Fig.  1.  12(S)-HETE  activates  ERKl  and  ERK2.  A,  12(S)-HETE 
activates  ERKl/2  in  a  time-dependent  manner.  ERKs  were  precipitated 
at  the  indicated  time  points  from  12(5)-HETE  (300  nM)-treated  A431 
cells.  Elk  was  used  as  a  specific  substrate  for  in  vitro  kinase  assay 
{inset,  upper  panel).  ERK  activity  was  monitored  by  probing  blots  for 
phosphorylated  Elk.  12(5)-HETE  also  increased  the  phosphorylated 
(activated)  state  of  ERKl/2  as  revealed  by  Western  blots  of  whole  cell 
lysates  with  phospho-specific  ERKl/2  antibody  {inset,  middle  panel). 
The  blot  was  reprobed  with  non-phospho-specific  ERK  antibody  to  dem¬ 
onstrate  equal  loading  {inset,  lower  panel).  Western  blots  of  three  inde¬ 
pendent  experiments  probed  for  phospho-ERKl/2  were  analyzed  by 
densitometric  scanning,  and  the  results  are  represented  in  the  graph  as 
a  percent  of  maximal  activation.  B,  12(5)-HETE  activates  MAPK  in  a 
dose-dependent  manner.  A431  cells  were  treated  for  10  min  with  in¬ 
creasing  concentration  of  12(5)-HETE,  and  ERKl/2  activity  was  deter¬ 
mined  either  by  its  ability  to  phosphorylate  Elk  in  an  in  vitro  kinase 
assay  {upper  panel)  or  by  probing  Western  blots  of  whole  cell  lysates  for 
activated  ERKl/2  {middle  panel).  The  blot  was  stripped  and  reprobed 
with  non-phospho-specific  ERK  antibody  for  loading  control  {lower  pan¬ 
el).  The  har  graph  represents  densitometric  analysis  of  three  independ¬ 
ent  anti-phospho-ERK  Western  blots.  Results  are  expressed  in  arbi¬ 
trary  units.  C,  HETEs  affect  on  ERKl/2  activity.  A431  cells  were 
treated  for  10  min  with  300  nM  vehicle,  5(5)-HETE,  11(5)-HETE,  12(5)- 
HETE,  or  15(5)-HETE,  and  ERKl/2  phosphorylation  was  evaluated  by 
Western  blotting  {upper  panel).  Blot  was  stripped  and  reprobed  with 
non-phospho-specific  ERK  antibody  for  loading  control  {lower  panel). 
The  har  graph  represents  densitometric  analysis  of  the  anti-phospho- 
ERK  Western  blot. 

evolutionarily  conserved  ERK  cassette,  Le.  either  by  enhancing 
GTP  loading  of  Ras,  by  phosphorylation  of  Raf  and  MEK  (26), 
or  by  binding  non-enzymatic  scaffold  proteins  (27).  Some  stud¬ 
ies  also  suggest  MEK-independent  mechanisms  for  ERK  acti¬ 
vation,  such  as  phosphatidylinositide  3-kinase-dependent  or 
conventional  PKC-dependent  pathways  (28).  Therefore,  we 
tested  whether  MEK,  the  immediate  upstream  dual  specificity 
kinase  to  ERK,  was  involved  in  12(5)-HETE-stimulated 
ERKl/2  activity. 

12(S)'HETE  Activates  AfBK— 12(5)-HETE  increased  (8-fold) 
the  activity  of  MEK  in  a  dose-dependent  manner  in  the  0-“600 
nM  range  (Fig.  2A).  Furthermore,  PD98059,  a  specific  inhibitor 
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Fig.  2.  12(S)-HETE  activates  ERKl/2  tlirough  MEK.  A,  MEK  is 
activated  following  10  min  of  12(S)-HETE  treatment  (0-600  nM),  as 
determined  by  probing  Western  blots  of  whole  cell  lysates  for  activated 
MEK  {upper  panel).  The  hlot  was  reprohed  for  actin  as  loading  control 
{lower  panel).  The  bar  graph  represents  densitometric  analysis  of  the 
Western  blot.  Results  are  expressed  as  arbitrary  units.  12(iS)“HETE 
dose-dependently  increases  phosphorylation  of  MEK  {lower  hlot),  Phos- 
phorylated  MEK  runs  slower  than  the  non-phosphorylated  form  in  low 
bisacrylamide  SDS-polyacrylamide  gel  electrophoresis.  In  Western 
blots  probed  for  MEK  after  12(S)-HETE  treatment,  the  upper  hand 
represents  the  phosphozyiated  form  of  MEK  and  the  lower  hand  repre¬ 
sents  the  non-phosphorylated  form  of  MEK.  B,  a  MEK  inhibitor  blocks 
12(S)-HETE  stimulated  activation  of  MAPK  MEK  inhibitor  PD98059 
(15  min,  at  the  indicated  doses)-pretreated  cells  were  exposed  to  12(S)- 
HETE  for  10  min.  Whole  cell  lysates  were  probed  for  activated  ERKl/2 
on  a  Western  blot  {upper  panel\  stripped,  and  reprobed  for  ERKl/2  as 
a  loading  control  {lower  panel).  The  bar  graph  represents  densitometric 
analysis  of  the  Western  blot  with  the  results  expressed  as  arbitrary 
units. 


of  MEKl/2  dose  dependency  abolished  MAPK  activation  by 
12(iS)-HETE  (Fig.  2B),  thus  ruling  out  the  possibility  that 
12(/S)-HETE  modulates  ERK  activity  by  a  MEK-independent 
mechanism. 

12(S)-HETE  Activates  Raf— Since  MEK  is  a  convergence 
point  for  several  signaling  pathways,  we  next  tested  for  the 
involvement  of  Rafl  in  12(jS)-HETE  signaling.  By  utilizing  an 
in  vitro  kinase  assay,  we  observed  that  Raf  kinase  activity  was 
increased  (3-fold)  5  min  after  cells  were  treated  with  300  nM 
12(S)-HETE  (Fig.  3)  and  that  this  activation  was  decreased 
(75%)  in  cells  pretreated  with  the  PKC  inhibitor,  Gro6976  (at 
lOX  IC50  dose  (15)).  These  data  suggest  that  PKC  participates 
in  12(S)-HETE  activation  of  Rafl. 

12(S)-HETE  Activates  PKCa — ^The  inhibition  of  12(8)- 
HETE-stimulated  Raf  activity  by  Go6976  led  us  to  examine  the 
extent  to  which  conventional  PKCs  were  involved  in  the  ob¬ 
served  ERKl/2  stimulation.  Treatment  with  12(8)-HETE  in¬ 
duced  a  dose-dependent  translocation  (5-fold  at  600  nM)  of 
PKCa  from  the  cytosol  to  the  membrane  fraction  accompanied 
by  increased  phosphorylation  (5-fold  at  300  nM)  (Fig.  4,  A  and 
B).  Enzyme  activity  in  the  subcellular  fractions  was  confirmed 
with  a  kinase  assay  using  myelin  basic  protein  as  a  substrate 
for  immimoprecipitated  PKC  (data  not  shown).  Phosphoryla¬ 
tion  of  PKCa  reached  a  maximum  at  approximately  2.5  min 
(Fig.  4C).  Therefore,  the  time  course  of  PKC  activation  by 
12(S)-HETE,  in  A431  human  epidermoid  carcinoma  cells,  is 
similar  to  that  observed  in  B16a  murine  melanoma  cells  (7). 

12(S)-HETE-stimulated  ERKl/2  Activity  Is  Mediated  in 
Part  by  PKCa— Western  blotting  of  A431  cells  revealed  that 
they  express  seven  isoforms  of  PKC,  i.e,  a,  8,  €,  f,  A,  p.,  and  i 
(Fig.  5A).  Chronic  exposure  to  phorbol  esters  leads  to  degrada- 


Fig.  3.  Raf  is  stimulated  by  12(8)-HETE  in  a  conventional  PKC- 
dependent  manner.  A431  cells  were  pretreated  with  the  conventional 
PKC  inhibitor  <jk)6976  (at  1  and  10 X  IC50,  2.3  and  23  nM,  respectively) 
for  15  min  and  then  with  12(S)-HETE  (300  nM,  5  min).  Raf  was  inunu- 
noprecipitated  and  used  for  an  in  vitro  kinase  assay  where  it  activated 
GST-MEK  which  in  turn  phosphorylated  (P^PIATP)  GST-ERK2.  Pro¬ 
teins  were  bound  on  phosphoceUidose  paper,  and  after  extensive  wash¬ 
ing  incorporated  radioactivity  was  determined.  Pretreatment  of  cells 
with  a  PKC  inhibitor  reduced  activation  of  ERK2.  Error  bars  represent 
S.D.  of  triplicate  determinations,  and  the  graph  is  a  representative  of 
three  independent  experiments. 
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Fig.  4. 12(8)-HETE  activates  PKCain  a  time-  and  concentration- 
dependent  manner.  A,  12(8)-HETE  dose  dependency  activates 
PKCa.  After  3  min  12(S)-HETE  treatment,  cytosolic  and  particulate 
fractions  were  isolated  from  A431  cells.  Proteins  from  the  particulate 
fractions  were  analyzed  by  Western  blotting  with  an  antibody  directed 
to  PKCa.  12(8)-HETE  dose  dependently  increased  translocation  of 
PKCa  to  the  particulate  fraction.  The  bar  graph  represents  densitomet¬ 
ric  analysis  of  3  Western  blots,  with  the  results  expressed  as  arbitrary 
units.  B,  12(iS)-HETE  dose  dependently  induces  phosphorylation  of 
PKCa.  A431  cells  were  treated  with  the  indicated  doses  of  12(S)-HETE 
for  3  min.  Western  blots  of  whole  cell  lysates  were  probed  for  the 
phosphorylated  form  of  PKCa  {upper  panel).  As  a  loading  control  the 
blot  was  reprobed  with  a  non-phospho-specific  PKCa  antibody  {lower 
panel).  The  bar  graph  represents  densitometric  analysis  of  the  Western 
blot,  with  the  results  expressed  as  arbitrary  units.  C,  PKC  is  transiently 
activated  by  12(S)-HETE.  Probing  blots  from  12(8)-HETE  (300  nM)- 
stimulated  whole  cell  lysates  with  anti-phospho-PKCa  antibody  re¬ 
vealed  that  PKCa  is  maximally  activated  at  2.5  min  after  stimulation 
{upper  panel).  As  a  loading  control  the  blot  was  stripped  and  reprobed 
with  a  non-phospho-specific  PKCa  antibody  {lower  panel).  The  graph 
represents  densitometric  analysis  of  the  Western  blot,  with  the  results 
expressed  as  arbitrary  units. 


tion  of  the  activated  PKC  species.  In  A431  cells  PKC  a,  8,  and 
€  but  not  PKC  fi,  A,  and  i  were  eliminated  by  chronic  phorbol 
ester  exposure.  To  determine  whether  12(S)-HETE  activation 
of  ERKl/2  was  mediated  by  PKC,  we  tested  whether  PKC 
depletion  could  block  ERKl/2  activation.  Depletion  of  PKC 
resulted  in  a  partial  (40%)  inhibition  of  12(S)-HETE  activation 
of  ERKl/2  (Fig.  55).  In  contrast,  this  treatment  completely 
abolished  ERKl/2  activation  by  PMA,  a  direct  and  potent  acti- 
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Fig.  6.  Involvement  of  phospholipases  in  12(iSi)-HETE  signal¬ 
ing.  A,  PLCyl  is  rapidly  phosphorylated  on  tyrosine  residues  after 
exposure  to  12(S)-HETE  (300  nM).  Tyrosine-phosphorylated  proteins 
were  inmnmoprecipitated  and  probed  for  PLCyl  by  Western  blot  {upper 
panel).  Maximal  phosphorylation  was  observed  between  0.5  and  2  min. 
Pretreatment  with  an  inhibitor  of  Src  family  kinases  (PP2,  5  fiM,  30 
min)  abolished  the  12(S)-HETE  effect  on  tyrosine  phosphorylation  of 
PLCyl  {lower  panel).  B,  PLC)32  is  not  involved  in  12(jS)-HETE  signal 
transduction.  PLC/32  coprecipitated  with  Gj3  subunits  in  ATP  (1  /jlm, 
30  s)  but  not  in  12(S)-HETE  (300  nM,  30  s)-treated  cells. 


12(S)-H£TE  -  +  +  + 

Gol597d  -  -  +  ++ 

Fig.  5.  ERKl/2  activation  by  12(S)-HETE  is  dependent,  in  part, 
on  conventional  PKC  activity.  A,  PKC  a,  5,  e,  C*  ^  K  p  are 
expressed  in  A431  cells  at  a  detectable  level,  as  determined  by  Western 
blotting.  Chronic  PMA  exposure  depletes  PKC  a,  5,  and  €.  c,  positive 
control,  mouse  brain  lysate  (a,  ^,  y,  5,  €,  i.  A)  or  Jurkat  cell  lysate  {9 
and  p);  +  and  -  represent  PMA-depleted  and  non-depleted  A431  cell 
lysates,  respectively.  B,  conventional  PKCs  are  partially  responsible  for 
12(Si)-HETE  induced  ERKl/2  activation.  Chronic  exposure  to  phorbol 
ester  (100  nM  PMA,  20  h)  eliminated  PKCa  from  A431  cells  {lower 
panel).  In  PKCa-depleted  cells,  ERKl/2  activation  was  not  induced  by 
PMA  treatment  (10  min,  100  nM).  12(S)-HETE  (10  min,  300  nM)-stim- 
ulated  ERKl/2  activation  is  decreased  when  compared  with  that  of  cells 
in  which  PKC  was  not  depleted;  however,  it  was  not  eliminated  com¬ 
pletely  {upper  panel).  Blot  was  stripped  and  reprobed  with  an  antibody 
to  ERK  that  recognizes  these  enzymes  independent  of  their  phospho¬ 
rylation  state  {middle  panel).  The  bar  graph  represents  densitometric 
analysis  of  the  Western  blot,  with  the  results  expressed  as  arbitrary 
units.  C,  pretreatment  of  cells  with  a  specific  chemical  inhibitor  Go6976 
(23  nM  (+)  and  115  nM  (++))  for  conventional  PKCs  dose  dependency 
inhibited  12(S)-HETE-mediated  activation  of  ERKl/2.  Western  blots  of 
whole  cell  lysates  were  probed  for  activated  ERKl/2  {upper  panel)y 
stripped,  and  reprobed  with  non-phospho-specific  ERK  antibody  as  a 
loading  control  {lower  panel).  The  bar  graph  represents  densitometric 
analysis  of  the  Western  blot,  with  the  results  expressed  as  arbitrary 
units. 


vator  of  PKC  (Fig.  5B).  Chronic  exposure  to  another,  non- 
related  PKC  activator,  bryostatin,  also  resulted  in  a  partial 
inhibition  of  12(iS)-HETE  activation  of  ERKl/2  (data  not 
shown).  Chemical  inhibition  of  conventional  PKC  isoforms  by 
Go6976  partially  (60%)  reduced  12(S)“HETE  activation  of  ERK 
in  a  dose-dependent  manner  (Fig.  5C).  Even  at  50  times  the 
ICso  concentration,  Go6976  failed  to  completely  block  the 
12(S)-HETE  activation  of  ERKl/2.  Together,  these  results  sug¬ 
gest  that  the  conventional  PKC  pathways  are  important  but 
Eu*e  not  the  exclusive  mechanism  for  12(S)-HETE  activation  of 
ERK 

12 (S)-HETE  Activates  PLCyl — ^Activation  of  PKCa  by  12(iS)- 
HETE  in  B16a  murine  melanoma  cells  can  be  blocked  by  either 
PLC  inhibitors  or  by  an  inhibitor  of  Gj  proteins,  i.e.  pertussis 
toxin  (7).  The  PLCjS  family  of  isoforms  are  activated  by  G 


proteins  (29),  and  stimulation  of  PLC/32  is  sensitive  to  pertus¬ 
sis  toxin  treatment  (30).  Therefore,  we  tested  for  a  role  for  this 
PLC  isoform  in  12(iSi)-HETE  signaling.  PLC)32  co-immunopre- 
cipitated  with  the  G^  subunit  after  a  stimulus  with  exogenous 
ATP,  but  not  after  12(iS)-HETE,  or  in  non-stimulated  cell  ly¬ 
sates  (Fig.  6B),  suggesting  that  this  PLC  isoform  is  not  involved 
in  12(S)-HETE  signaling  events. 

Members  of  the  PLCy  family  were  thought  to  be  activated  by 
receptors  with  inherent  t3rrosine  kinase  activity  (29).  However, 
recent  publications  demonstrate  that  angiotensin  II  (31)  and 
leukotriene  B4  (32),  both  of  which  exert  their  effects  through  G 
protein-coupled  receptors,  stimulate  tyrosine  phosphorylation 
and  activity  of  PLCyl  as  rapidly  as  15  s  after  exposure.  There¬ 
fore,  we  examined  if  PLCyl  is  involved  in  mediating  the  12{S)- 
HETE  effect  (Fig.  6A).  Tyrosine-phosphorylated  proteins  were 
immunoprecipitated,  and  Western  blots  were  probed  for 
PLCyl.  In  12(iS)-HETE-challenged  cells  PLCyl  is  tyrosine- 
phosphorylated  within  30  s  and  remains  phosphorylated  for  4 
min.  The  time  course  for  this  phosphorylation  precedes  that  of 
PKCa,  thereby  supporting  a  role  for  PLCyl  in  the  activation  of 
PKCa  during  12(S)-HETE  signaling. 

Growth  Factor  Receptors  Are  Not  Activated  by  12(S)-HETE — 
The  finding  that  activation  of  PLCyl  is  an  early  event  after 
12(5)-HETE  exposure  suggests  that  the  putative  12(5)-HETE 
receptor  may  be  coupled  to  t3rrosine  kinases.  A  number  of 
publications  illustrate  that  G  protein-coupled  receptors  can 
trans-activate  receptor-t3n:osine  kinases,  such  as  the  EGF-, 
insulin-like  growth  factor-,  and  PDGF  receptors  (33-35).  The 
EGF  receptor  is  expressed  at  high  level  in  A431  cells;  therefore, 
we  tested  whether  this  receptor  was  responsible  for  the  early 
tyrosine  phosphorylation  events  induced  by  12(iS)-HETE.  Tyr- 
phostin  51,  a  specific  inhibitor  of  the  EGF  receptor  kinase,  did 
not  affect  12(S)-HETE  signaling  (Fig.  7A).  In  contrast,  under 
similar  experimental  conditions  it  blocked  the  EGF-induced 
activation  of  ERKl/2  (Fig.  7A).  In  addition.  Western  blots  using 
an  anti-active  EGFR  antibody  could  not  detect  EGF  receptor 
activation  by  12(S)-HETE  (F^g.  7B).  No  increase  in  tyrosine 
phosphorylation  was  apparent  in  precipitates  of  the  PDGFjS 
receptor  or  the  FGF  receptor  substrate  FRS2  following  12(iS)- 
HETE  treatment  (data  not  shown).  We  conclude  that  the  trans¬ 
activation  of  EGF,  PDGF,  or  FGF  receptors  does  not  appear  to 
play  a  role  in  12(S)-HETE  signaling. 

12(S)-HETE  Affects  EGF  Signaling — Since  G  protein-cou¬ 
pled  receptors  may  activate  protein  tyrosine  phosphatases  (36), 
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Fig.  7.  Interaction  between  EGF  and  12(S)-HETE  signaling.  A, 
EGF  receptor  (EGFR)  is  not  involved  in  12(S)-HETE  signaling  in  A431 
cells.  Tyrphostin  51,  a  specific  inhibitor  of  EGF  receptor  kinase,  inhibits 
ERKl/2  activation  by  EGF  but  does  not  effect  12(S)-HETE  activation. 
Cells  were  treated  with  the  inhibitor  (at  IC50,  800  nM,  20  min)  and  then 
with  either  EGF  (1  ng^ml,  10  min)  or  12(S)-HETE  (300  nM,  10  min). 
Western  blots  of  whole  cell  lysates  were  probed  for  active  ERKl/2 
{upper  panel\  stripped,  and  reprobed  for  ERK  as  a  loading  control 
{lower  panel).  B,  EGF  receptor  is  not  activated  by  12(S)-HETE.  A431 
cells  were  treated  with  the  indicated  concentrations  of  12(S)-HETE  or 
EGF  (0.5  ng/ml  for  1  min).  Western  blots  were  probed  with  a  phospho- 
EGF  receptor  antibody  to  assess  the  receptor  activation  {upper  panel) 
and  with  an  actin  antibody  as  a  loading  control.  No  activation  of  the 
EGF  receptor  is  apparent  after  eicosanoid  treatment.  C,  influence  of 
12(S)-HETE  on  EGF  signaling.  Cells  pretreated  with  12(S)-HETE  (1 
min,  0-600  nM)  were  challenged  with  EGF  (50  ng/ml,  5  min).  ERKiy2 
activation  in  response  to  EGF  was  attenuated  by  12(S)-HETE  exposure 
in  the  10-100  nM  range  and  enhanced  by  600  nM  12(S)-HETE  {upper 
panel).  Blots  were  stripped  and  reprobed  with  anti-ERK  antibody  to 
demonstrate  even  loading  {lower  panel).  Results  finm  the  densitometric 
analysis  of  the  middle  panel  is  shown  in  the  bar  chart  (arbitrary  units). 
D,  12(S)-HETE  affect  on  EGF  signaling  is  mediated  by  protein  tyrosine 
phosphatases.  Cells  were  pretreated  with  protein  tyrosine  phosphata¬ 
ses  inhibitor  Na3V04  (2  mM,  30  min),  then  exposed  to  100  nM  12(S)- 
HETE  or  vehicle  (1  min),  and  treated  with  EGF  (50  ng/ml,  5  min). 
ERKl/2  activation  identified  with  Western  blotting  {upper  panel),  strip¬ 
ping,  and  reprobing  the  membrane  for  ERK  served  as  demonstration  of 
even  loading  {lower  panel).  Results  from  the  densitometric  analysis  are 
shown  in  the  bar  chart  (arbitrary  units). 


next  we  tested  whether  12(jS)-HETE  may  have  an  opposing 
rather  than  S3mergistic  effect  on  EGF  signaling.  Serum-starved 
cells  were  challenged  with  0-600  nM  12(jS)-HETE  for  1  min  and 
then  with  50  ng/ml  EGF  for  5  min,  and  cell  lysates  were  tested 
for  ERKl/2  activity.  We  found  a  biphasic  response.  Lower  con¬ 
centrations  of  12(S)-HETE  (10-100  um)  reduced  EGF-stimu- 
lated  ERKl/2  phosphorylation,  and  higher  (600  nM)  concentra¬ 
tions  of  12(S)-HETE  further  increased  EGF-stimulated 
ERKl/2  activity  (Fig.  7C). 

One  possibility  is  that  at  the  10-100  nM  concentration  12(S)- 
HETE  stimulates  a  phosphatase.  To  evaluate  this,  cells  were 
pretreated  with  or  without  sodium  orthovanadate  (2  mM,  30 
min);  similar  to  the  above  described  experiments,  cells  were 
treated  with  EGF  in  the  presence  or  absence  of  100  nM  12(S)- 
HETE.  ERKl/2  activation  was  tested  by  Western  blotting  (Fig. 
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Fig.  8.  Src  family  kinases  are  involved  in  12(8I)-H£TE  signal¬ 
ing.  A,  Src  family  kinases  are  phosphoiylated  in  response  to  12(S)- 
HETE.  Tyrosine-phosphorylated  proteins  were  precipitated  10  and  30  s 
or  1,  2,  or  5  min  after  12(S)-HETE  treatment.  Western  blot  (ZB)  was 
probed  with  an  antibody  that  recognizes  multiple  members  of  Src  fam¬ 
ily.  B,  Src  family  kinases  are  activated  by  12(S)-HETE.  A431  cells  were 
pretreated  with  Src  inhibitor  PP2  (5  pM,  30  min)  and  with  12(S)-HETE 
(100  nM,  1  min).  Immunoprecipitated  {IP)  Src  family  kinases  were  used 
in  an  in  vitro  kinase  assay.  Radioactivity  incorporated  into  a  specific 
substrate  was  determined  by  Phosphorlmager  analysis.  C,  Src  family 
kinases  associate  with  She  adapter  proteins  in  response  of  i2(S)-HETE 
treatment  in  an  Src  kinase  activity  dependent  manner.  A431  cells  were 
pretreated  with  Src  inhibitor  PP2  (5  /uiM,  30  min)  and  then  with  12(S)- 
HETE  (100  nM,  1  min).  She  proteins  were  immunoprecipitated  under 
non-denaturing  conditions,  and  the  associated  proteins  were  analyzed 
by  Western  blotting, 

7D).  In  the  absence  of  the  protein  t)n*osine  phosphatase  inhib¬ 
itor  sodium  orthovanadate,  as  earlier,  100  nM  12(S)-HETE 
interfered  with  EGF-stimulated  ERKl/2  activation  (35%  reduc¬ 
tion).  In  contrast,  in  the  presence  of  the  protein  tyrosine  phos¬ 
phatase  inhibitor,  pretreatment  with  100  nM  12(jS)-HETE  re¬ 
sulted  in  a  slight  (15%)  increase  in  ERKl/2  phosphorylation. 
Taken  together  these  results  suggest  that  at  lower  doses  12(S)- 
HETE  stimulates  ERKl/2  activity,  as  well  as  stimulates  a 
protein  tyrosine  phosphatase  that  antagonizes  EGF  signaling. 
However,  at  higher  concentrations,  12(iS)-HETE  does  not  acti¬ 
vate  the  protein  tyrosine  phosphatase,  only  ERKl/2,  hence  its 
effect  is  additive  to  that  of  EGF  on  ERKl/2. 

Src  Family  Kinases  Are  Involved  in  Early  12(S)-HETE  Sig¬ 
naling — The  Src  family  of  non-receptor  t3a*osine  kinases  are 
implicated  in  signaling  events  downstream  of  G  proteins  (13). 
Pretreatment  of  A431  cells  with  PP2,  a  specific  inhibitor  of  Src 
kinases,  abolished  tyrosine  phosphorylation  of  PLCyl  stimu¬ 
lated  by  12(jS)-HETE  (Fig.  6A).  Therefore,  we  questioned 
whether  Src  family  kinases  are  activated  by  12(B)-HETE. 
Western  blot  analysis  of  proteins  precipitated  from  12(S)- 
HETE  treated  A431  cells  revealed  a  time-dependent  increase 
in  tyrosine  phosphorylation  of  Src  family  kinases  (Fig.  8A)  as 
rapidly  as  10  s  following  exposure  to  12(S)-HETE.  However, 
tyrosine  phosphorylation  of  these  enz5Tnes  can  either  stimulate 
or  inhibit  their  activity,  depending  on  the  site  of  phosphoryla¬ 
tion  (37).  Therefore,  we  assayed  for  Src  kinase  activity  in  SRC2 
antibody-generated  precipitates  and  found  that  12(S)-HETE 
stimulated  Src  activity.  Pretreatment  with  PP2  (5  /ulm)  was 
sufficient  to  reduce  kinase  activity  below  basal  levels  (Fig.  8B). 
As  revealed  with  immunoprecipitation  and  Western  blotting, 
12(S)-HETE  increased  association  of  Src  with  She  (Src  homol¬ 
ogy  and  collagen)  adapter  proteins,  which  was  abolished  by 
pretreating  the  cells  with  PP2  (Fig.  8C),  Furthermore,  PP2  (5 
pM)  significantly  inhibited,  but  did  not  entirely  abolish, 
ERKl/2  activation  by  12(B)-HETE  (Fig.  lOB). 

12(S)-HETE  Stimulates  Phosphorylation  of  She — The  poten¬ 
tial  involvement  of  Src  family  kinases  in  i2(iSi)-HETE  signaling 
suggested  an  alternative  pathway  to  the  previously  established 
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Fig.  9.  Adapter  proteins  are  involved  in  12(S)-HETE  signaling. 
A,  She  is  tyrosine-phosphorylated  after  12(S)-HETE  expostire  in  a  time- 
(upper  panel)  and  dose  {lower  pa7icZ)-dependent  manner.  Tyrosine-phos¬ 
phorylated  proteins  were  immunoprecipitated  {IP)  imder  denaturing 
conditions,  and  Western  blots  {IB)  were  analyzed  with  anti-Shc  anti¬ 
body.  Maximal  phosphorylation  was  observed  at  approximately  1  min 
{upper  panel)  and  at  300  nM  concentration  {lower  panel).  B,  She  phos¬ 
phorylation  is  dependent  on  Sre  family  kinase  activity  but  not  on  Gj 
proteins.  A431  cells  were  pretreated  with  an  inhibitor  of  Sre  family 
kinases  (PP2,  5  /ulM,  30  min)  and  then  with  12(S)-HETE  (300  nM,  1  min) 
or  EGF  (0.5  ng/ml,  2  min).  She  was  immunoprecipitated  under  non¬ 
denaturing  conditions,  and  Western  blots  of  ihe  precipitated  proteins 
were  probed  for  phosphotyrosine  {left,  upper  panel),  stripped,  and  rep¬ 
robed  for  Grb2  {left,  middle  panel),  stripped  again  and  probed  for  She  as 
loading  control  {left,  lower  panel).  Inhibition  of  Sre  family  kinases 
completely  blocked  She  tyrosine  phosphoiylation  and  its  association 
with  Grb2.  Inhibition  of  Gj  proteins  with  pertussis  toxin  pretreatment 
iPTX,  100  ng/ml,  overnight)  did  not  effect  She  phosphorylation  {right 
panel)  after  12(S)-HETE  exposure  (300  nm,  1  min)  as  determined  by 
analyzing  Western  blots  of  tyrosine-phosphorylated  proteins  that  were 
precipitated  under  denaturing  conc&tions.  Q,  12(S)-HETE-stimulated 
phosphorylation  of  She  is  independent  of  conventional  PKC  activity. 
Pretreatment  with  PKC  inhibitor  Go6976  (115  nM,  15  min)  did  not 
influence  the  12(S)-HETE  (300  nM,  1  min)-induced  phosphorylation  of 
She.  Treatment  with  EGF  (0.5  ng/ml,  2  min)  served  as  a  positive  control. 


PLC-PKC  route  of  ERKl/2  activation.  Adapter  proteins,  such 
as  Grb2  (growth  factor  receptor-bound  protein  2;  pp24)  and  She 
(pp66,  pp52,  and  pp46),  are  tyrosine-phosphorylated  by  acti¬ 
vated  growth  factor  receptor  and  oncogene-tyrosine  kinases 
and  link  these  kinases  to  the  ERK  cascade.  Therefore,  we 
tested  whether  adapter  proteins  are  phosphorylated  in  re¬ 
sponse  to  12(S)-HETE  treatment.  Tyrosine  phosphorylation  of 
She  adapter  proteins  was  detectable  as  early  as  15  s  after 
12(S)-HETE  stimulation  (Fig.  9A)  and  peaks  at  30-60  s.  The 
tyrosine  phosphorylation  of  She  is  maximal  in  the  100-300  nM 
range  of  12(S)-HETE  (3.5-fold  over  basal  level).  Another 
adapter  protein,  Grb2  (growth  factor  receptor-bound),  also  was 
tyrosine-phosphorylated,  and  it  associated  with  She  in  re¬ 
sponse  to  12(iS)-HETE  treatment  (Fig.  9B).  Pretreatment  with 
the  Sre  family  kinase  inhibitor,  PP2,  completely  abolished  ac¬ 
tivation  of  these  adapter  proteins.  She  and  Grb2  are  well  char¬ 
acterized  as  activators  of  Ras  through  the  guanine  nucleotide 
exchange  factor,  Sos.  Pretreatment  with  a  PKC  inhibitor 
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Fig.  10.  Ras  is  involved  in  12(iSi)-HETE  signaling.  A,  Ras  is  acti¬ 
vated  by  12(S)-HETE  in  an  Sre-dependent  but  cPKC-independent  man¬ 
ner.  Cells  were  treated  with  PP2  (5  pM)  or  Go6976  (115  nM)  for  30  min 
and  then  with  12(S)-HETE  (300  nM)  for  3  min.  Cells  were  lysed,  and 
activated  Ras  was  precipitated  {IP)  with  Raf-Ras  binding  domain  (Raf- 
RBD)-conjugated  beads.  Western  blots  were  probed  for  Ras.  B,  inhibi¬ 
tors  of  both  Ras  (FTase  inhibitor  I,  5  pM,  1  h)  and  Sre  family  kinase 
(PP2,  5  pM,  30  min)  reduced,  but  did  not  completely  block,  12(S)-HETE 
(600  nM,  10  mini-stimulated  ERKl/2  activation  as  revealed  by  probing 
Western  blot  {IB)  for  activated  ERKl/2  {upper panel).  Blot  was  stripped 
and  reprobed  for  ERK  as  loading  control  {lower  panel). 

(Go6976)  did  not  affect  the  increase  in  tyrosine  phosphoryla¬ 
tion  of  She  (Fig.  90.  Therefore,  She  may  represent  an  alterna¬ 
tive  pathway  to  PKC  activation  of  ERK  following  12(8)-HETE 
stimulation. 

12(S)-HETE  Activates  Ras — To  test  whether  Ras  was  stim¬ 
ulated  in  our  system,  we  took  advantage  of  the  fact  that  only 
GTP-Ras  (the  activated  form)  binds  its  effector,  Raf.  We  found 
that  300  nM  12(jS)-HETE  stimulated  Ras  binding  3  min  after 
12(S)-HETE  exposure  (Fig.  IQA),  which  was  blocked  by  pre¬ 
treatment  with  Sre  inhibitor,  PP2  (5  pM,  30  min),  but  not  by  an 
inhibitor  of  conventional  PKCs,  Go6976  (115  nM,  30  min).  Next 
we  questioned  the  contribution  of  Ras  to  12(S)-HETE-induced 
ERK  activation.  Inhibitors  of  famesyltransferase  (FTase  inhib¬ 
itor  II,  5  /LtM,  1  h)  interfere  with  Ras  function.  Famesyltrans¬ 
ferase  inhibitor  pretreatment  partially  blocked  ERK  activation 
by  12(S)-HETE  (Fig.  10J5). 

G  Proteins  Are  Involved  in  12(ShHETE  Signaling — Since 
previous  reports  suggested  involvement  of  G  proteins  in  12(S)- 
HETE  signaling  (7,  38),  we  tested  whether  they  were  involved 
in  activation  of  ERK  using  two  inhibitors  of  serpentine  recep- 
tor/G  protein  signaling.  Uncoupling  seven  transmembrane  re¬ 
ceptors  from  G  proteins  with  suramin  (5  min,  150  /jlm)  (20) 
abolished  the  12(S)-HETE  effect  on  ERK  phosphorylation  (Fig. 
IIB).  At  higher  concentrations  suramin  may  block  the  interac¬ 
tion  of  growth  factors  with  their  receptor,  such  as  EGF  with 
EGFR.  However,  the  suramin  dose  applied  in  our  experiments 
did  not  affect  the  ERK  response  to  EGF  (Fig.  IIB).  Previous 
studies  suggested  the  involvement  of  Gja  in  12(S)-HETE  sig¬ 
naling  (7);  therefore,  we  exposed  A431  cells  (18  h)  to  various 
doses  of  pertussis  toxin  (a  specific  inhibitor  of  Gja).  The  results 
demonstrated  that  12(S)-HETE  stimulates  ERKl/2  in  both  a 
Gjtt-dependent  and  -independent  manner  (Fig.  IIA).  Pertussis 
toxin  inhibition  of  ERKl/2  reached  its  maximum  at  100  ng/ml 
and  reduced  12(iS)-HETE  (300  nM)  activation  of  ERKl/2  to  60% 
of  the  maximum  at  10  min.  Collectively,  these  results  suggest 
that  ERKl/2  activation  by  12(S)-HETE  is  mediated  by  more 
than  one  heterotrimeric  G  protein. 

A431  Cells  Have  Multiple  Binding  Sites  for  12(S)-HETE — 
The  inconsistency  between  the  concentration  of  12(8)-HETE 
necessary  to  saturate  She  phosphorylation  (—100  nM,  Fig.  9A) 
and  ERKl/2  activation  (>500  nm,  Fig.  1)  suggested  that  more 
than  one  receptor  might  be  involved  in  mediating  the  12(8)- 
HETE  response  in  A431  cells.  To  substantiate  this  hypothesis 
A431  cell  monolayers  were  incubated  with  pH]12(8)-HETE  in 


38838 


12(S)-HETE  Signaling  Involves  ERK 


A. 


12(S)'’HET£  »  +  +  +  +  + 
PTX(ng^)  0  1000  100  10  1  0 


•f  -  -  + 

+  +  + 

Fig.  11.  The  putative  12(S)-HETE  receptor  is  G  protein-cou¬ 
pled.  A,  Gi«  proteins  are  involved  in  12(S)-HETE  signaling.  A431  cells 
were  incubated  with  the  indicated  concentrations  of  pertussis  toxin 
iPTX)  overnight  and  then  challenged  with  300  nM  12(S)-HETE  for  10 
min.  Western  blotting  with  anti-active  ERKl/2  reveals  that  ADP-ribo- 
sylation  of  GiO  only  partially  block  ERKl/2  activation  {upper  panel). 
Blot  was  stripped  and  reprobed  for  ERK  as  loading  control  {lower 
control).  The  bar  graph  represents  densitometric  analysis  of  the  West¬ 
ern  blot,  with  the  results  expressed  as  arbitrary  units.  B,  suramin  (5 
min,  150  pM\  which  imcouples  G  proteins  firom  receptors,  reduced 
ERKl/2  activity  to  basal  level  after  12(S)-HETE  stimulus  (300  nM,  10 
min),  whereas  it  did  not  inhibit  EGF  (5  ng/ml)  signaling  {upper  panel). 
Blot  was  stripped  and  reprobed  for  ERK  as  loading  control  {lower 
panel). 

the  presence  or  absence  of  competing  1000 X  non-labeled  12(S)- 
HETE.  As  shown  in  Fig.  12A,  specific  association  between 
12(jS)-HETE  and  A431  cells  was  maximal  at  100  min.  Binding 
was  further  characterized  by  incubating  cells  with  0.4-10  nM 
pH]12(iS)-HETE  with  or  without  competing  1000 X  non-labeled 
12((S)-HETE  for  120  min.  These  studies  reproducibly  showed 
(Fig.  12J5)  a  binding  site  that  was  saturated  at  approximately 
0.8  nM  concentration  and  another,  which  was  not  completely 
saturated  by  10  nM  12(5)-HETE.  Scatchard  transformation  of 
the  binding  data  resulted  in  a  curve  plot  rather  than  a  linear 
plot  (Fig.  12C)  suggesting  that  12(jS)-HETE  binds  to  A431 
cells  through  multiple  binding  sites,  with  different  binding 
affinities. 

Competition  between  Binding  of  12(S)-HETE  and  Other  Ei~ 
cosanoids — In  order  to  evaluate  the  specificity  of  12(iS)-HETE 
binding,  A431  cells  were  incubated  with  3  nM  pH]12(iS)-HETE 
in  the  presence  of  various  eicosanoids  (Fig.  12D).  One  thou¬ 
sand-fold  non-labeled  12(S)-HETE  was  the  best  competitor, 
decreasing  incorporated  radioactivity  by  70%  and  11(S')-HETE 
by  55%.  Of  the  HETEs  tested  5(5)-HETE  and  15(S')-HETE 
were  the  least  potent,  reducing  binding  by  30%.  Other  eico¬ 
sanoids,  prostaglandin  Eg  and  prostaglandin  F2a,  or  thrombox¬ 
ane  A2  analog  U46619  did  not  affect  pH]12(S)-HETE  binding 
to  A431  cells. 

12(S)-HETE  Binds  to  Cell  Membrane — Previous  experi¬ 
ments  suggested  involvement  of  trimeric  G  proteins  in  12(5)- 
HETE  signaling.  Since  G  protein-coupled  receptors  reside  in 
the  plasma  membrane,  we  next  questioned  whether  there  is 
specific  12(S)-HETE  binding  to  this  cell  compartment.  Cells 
were  exposed  to  3  nM  [®H]12(S)-HETE  with  or  without  compet¬ 
ing  100-fold  non-labeled  12(S)-HETE  and  then  the  membrane 
fraction  was  isolated.  Radioactivity  was  recovered  fi*om  the 
membrane  fractions,  which  was  displaced  by  excess  non-la¬ 
beled  12(jS)-HETE  (Fig.  12E).  It  is  conceivable  that  the  recov¬ 
ered  12(5)-HETE  is  in  an  esterified  form.  Therefore,  following 
[^H]12(S)-HETE  incubation,  hpids  were  extracted  from  the 
membrane  fi'action  and  analyzed  by  thin  layer  chromatogra¬ 
phy.  The  majority  of  the  radioactivity  showed  an  identical 
migration  pattern  on  TLC  as  authentic  standard  pH]12(iS)- 


Fig.  12.  There  are  multiple  12(S)-HETE-binding  sites  on  A431 
cells.  A,  time-dependent  binding.  Cell  monolayer  was  incubated  at  4  °C 
with  2  nM  ®[H]12(S)-HETE  with  {lower  line)  or  without  {upper  line) 
competing  2  pM  cold  12(S)-HETE  for  the  indicated  periods.  Cell-boimd 
radioactivity  is  expressed  as  disintegrations  per  min.  Specific  binding 
site  is  saturated  at  100  min  at  4  “C.  The  figure  is  representative  of  3 
independent  experiments,  and  points  are  triplicate  determinations.  B, 
concentration-dependent  binding.  Cells  were  incubated  for  120  min  at 
4  ®C  with  0.4-10  nM  E®H]12(S)-HETE  with  or  without  competing  lOOOX 
cold  12(S)-HETE.  The  difference  between  specific  and  nonspecific  bind¬ 
ing  was  charted.  Inset,  plot  of  the  specific  binding  at  the  high  affinity 
binding  region.  The  figure  is  representative  of  4  independent  experi¬ 
ments,  and  points  are  triplicate  determinations.  C,  Scatchard  plot  rep¬ 
resentation  of  data  generated  firom  the  concentration-dependent  bind¬ 
ing  assays.  Specific  binding  is  plotted  against  specific  binding/ 
concentration  of  fi*ee  12(S)-HETE.  The  non-linear  data  suggests 
multiple  binding  sites,  D,  competition  for  the  specific  binding  site  with 
eicosanoids.  Cells  were  incubated  for  120  min  at  4  °C  with  2  nM 
®[H]12(S)-HETE  with  or  without  competing  1000 X  cold  eicosanoids. 
Results  are  expressed  as  percent  of  the  radioactivity  without  competing 
eicosanoid  (0).  U46619,  thromboxane  A^-mimetic.  E,  radioactivity  (3  nM 
E®H]12(S)-HETE)  incorporated  into  plasma  membrane  with  {right  col¬ 
umn)  or  without  {left  column)  competing  100 X  cold  2(iS)-HElE.  F,  thin 
layer  chromatography  analysis  of  membrane  incorporated  [®H]12(jS)- 
HETE.  Cells  were  incubated  with  3  nM  PH]12(S)-HETE,  and  the  mem¬ 
brane  fi*action  was  isolated.  Lipids  extracted  from  this  fraction  {lower 
line)  or  PH]12(S)-HETE  standard  {upper  line)  were  separated  on  a  TLC 
plate,  and  radioactivity  in  even  size  rectangles  fi-om  top  {left  side)  to 
bottom  {right  size)  of  the  plate  was  determined.  Exposure  to  iodine 
vapor  revealed  that  the  majority  of  membrane  lipids  remained  in  the 
2nd  to  4th  rectangles  firom  the  bottom,  whereas  the  m^ority  of  the 
radioactivity  corresponded  to  the  position  of  firee  ®[H]12(S)-HETE. 


HETE  (Fig.  V2F),  suggesting  that  the  12(fif)-HETE  recovered 
firom  the  membrane  is  non-esterified  under  these  experimental 
conditions. 

12(S)HETE  Rescues  A431  Cells  from  Apoptosis  Induced  by  a 
12-LOX  Inhibitor — ^Previous  studies  showed  that  12-LOX  func¬ 
tions  as  a  survival  factor  in  several  tumor  cell  lines  and  that 
exogenous  12(S)-HETE  blocks  apoptosis  induced  by  12-LOX 
inhibitors  (5).  First,  we  showed  by  DNA  laddering  assay  that 
the  12-LOX-specific  inhibitor,  BHPP,  induced  apoptosis  in 
A431  cells  in  dose-dependent  manner  (Fig.  13A),  similar  to  the 
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Fig.  13. 12(S)-HETE  effect  on  BHPP-induced  apoptosis  in  A431 
cells  by  DNA  laddering  assay.  A,  comparison  of  A431 12-LOX  trans- 
fectants  with  vector  control  3.1+.  Cells  were  treated  with  BHPP  at  the 
concentrations  indicated  for  24  h  and  were  low  molecular  weight  DNA- 
extracted,  run  on  a  1,2%  agarose  gel,  and  visualized  with  ethidium 
bromide.  B,  A431  cells  were  pretreated  with  12(<S)-HETE  (1  /am)  before 
incubation  in  DMEM  in  the  presence  of  BHPP,  see  details  \mder  “Ex¬ 
perimental  Procedures.”  Aliquots  of  DNA  extracts  were  subjected  to 
1.2%  agarose  gel  and  visualized  with  ethidium  bromide.  M,  DNA  mark¬ 
er;  C,  ethanol  as  vehicle  control;  3.1+ ,  empty  vector  control;  12-LOX, 
A431  cells  transfected  with  human  fiiU-length  platelet-type  12-LOX; 
Control,  without  12(S)-HETE  treatment. 

effects  found  in  an  earlier  study  with  W256  cells  (5).  When 
A431  cells,  12-LOX-transfected  A431  cells,  or  vector  control 
cells  were  treated  (37  ®C;  24  h)  with  BHPP  at  25, 50,  or  100  /am, 
the  cells  transfected  with  platelet-type  12-LOX  were  more  re¬ 
sistant  to  apoptosis  induced  by  BHPP  than  3.1+  vector  control 
cells  as  shown  by  the  density  of  the  DNA  ladder  (Fig.  13A). 
Prior  to  the  treatment  with  BHPP,  A431  cells  were  incubated 
with  12(iS)-HETE  for  2  h.  As  shown  in  Fig.  13B,  12(S)-HETE 
pretreatment  completely  prevented  A431  cells  from  undergoing 
apoptosis  triggered  by  BHPP  at  low  dose  and  significantly 
reduced  the  response  to  high  dose  BHPP  (Fig.  13B).  The  results 
suggest  that  the  12-LOX  product,  12(S)-HETE,  provides  cells 
with  resistance  to  apoptosis  and  also  that  12(iS)-HETE  may 
play  a  role  in  an  anti-apoptotic  signaling  pathway. 

DISCUSSION 

The  platelet-type  12-lipoxygenase  is  ectopically  expressed  in 
a  variety  of  human  and  rodent  cancer  cells,  and  12-hpoxygen- 
ase  expression  has  been  correlated  positively  with  metastatic 
potential  in  a  rodent  tumor  model  (39).  More  importantly,  in  a 
clinical  study  of  132  tumors  from  prostate  cancer  patients,  the 
expression  of  12-lipoxygenase  message  correlated  with  tumor 
stage,  grade,  and  the  presence  of  cancer  cells  in  the  surgical 
margins  (40).  The  sole  product  of  the  metabolism  of  arachidonic 
acid  by  platelet  type  12-lipoxygenase  is  12(jS)-HETE.  This  bio¬ 
active  lipid  is  reported  to  induce  a  plethora  of  cellular  re¬ 
sponses  when  added  exogenously  to  tumor  cells  or  endothelial 
cells  and  to  alter  tumor  growth  when  overexpressed  endog¬ 
enously.  The  latter  effect  may  be  due  to  the  suppression  of 
apoptosis  and  stimulation  of  angiogenesis  (5,  6).  For  example, 
exogenously  added  12(B)-HETE  alters  the  metastatic  pheno¬ 


type  by  inducing  alterations  in  the  cancer  cell  cytoskeleton  (41), 
thereby  enhancing  tumor  cell  motility  (4),  secretion  of  protein- 
ases  (42,  43),  expression  of  integrins  (2,  44),  and  increased 
invasion  (46).  In  endothelial  cells,  12(B)-HETE  induces  the 
non-destructive  retraction  of  monolayers  (47)  and  promotes 
tumor  cell  adhesion  (46).  The  motility  of  isolated  endothelial 
cells  and  tube  formation  is  also  enhanced  by  12(iS)-HETE  (6). 
Given  the  numerous  and  varied  cellular  responses  to  12(5)- 
HETE,  we  delineated  in  this  study  the  signaling  pathways 
utilized  by  this  bioactive  lipid  in  A431  human  epidermoid  car¬ 
cinoma  cells.  Data  presented  in  this  study  demonstrate  that 
exogenous  12(5)-HETE  induces  a  transient  activation  of 
ERKl/2.  We  report  for  the  first  time  that  12(5)-HETE  stimu¬ 
lates  phosphorylation  of  PLCyl,  which  in  turn  is  responsible 
for  activation  of  a  conventional  PKC  isoform  {Le.  PKCa).  We 
show  that  PKCa  plays  a  significant  but  not  exclusive  role  in 
ERKl/2  activation.  Furthermore,  we  demonstrate  that  the 
12(5)-HETE-induced  activation  of  Src  family  kinases  and  the 
subsequent  phosphorylation  of  adapter  proteins  {Le.  She  and 
Grb2)  lead  to  activation  of  ERKl/2  via  Ras.  Furthermore,  the 
data  presented  suggest  that  protein  tyrosine  phosphatases  are 
involved  in  eicosanoid  signaling  and  that  multiple  receptors 
might  be  involved  in  the  A431  response  to  12(S)-HETE.  Fi¬ 
nally,  we  show  that  inactivation  of  endogenous  12(5)-HETE 
production  with  12-lipoxygenase  inhibitors  leads  to  apoptosis 
of  A431  cells,  which  is  counteracted  by  overexpression  of  12- 
lipoxygenase  or  by  exogenously  added  12(5)-HETE. 

Many  of  the  above-mentioned  signaling  molecules  are  impli¬ 
cated  in  cellular  functions  known  to  be  affected  by  12(5)-HETE. 
For  example,  12(S)-HETE-stimulated  PKC  activity  may  be  re¬ 
sponsible  for  altered  cellular  morphology,  since  12(5)-HETE 
induces  phosphorylation  of  cytoskeletal  proteins  including  ac- 
tin,  vimentin,  and  myosin  fight  chain  (48)  and  stimulates  cel¬ 
lular  spreading  (4).  12(S)-HETE-stimulated  PKC  may  promote 
the  cellular  migratory  phenotype  (46).  All  of  the  aforemen¬ 
tioned  12(5)-HETE  stimxilated  responses  can  be  inhibited  or 
significantly  reduced  with  select  PKC  inhibitors  (42,  46). 

The  above  results  demonstrate  that  12(S)-HETE  also  pro¬ 
tects  tumor  cells  from  the  induction  of  apoptosis,  but  the  exact 
mechanism  of  this  effect  needs  further  investigation.  However, 
one  may  speculate  that  since  ERK  can  activate  p90''®*,  which  in 
turn  can  phosphorylate  BAD  and  CREB  (49),  two  proteins 
demonstrated  to  have  an  anti-apoptotic  effect,  this  may  be  a 
plausible  mechanism  to  explain  the  anti-apoptotic  effect  of 
12(5)-HETE.  Alternatively,  PKCa  may  prevent  apoptosis  inde¬ 
pendent  of  ERK  Ruvolo  et  al.  (50)  suggested  that  mitochon¬ 
drial  protein  kinase  Ca  may  inhibit  apoptosis  through  phos¬ 
phorylation  of  Bcl2. 

The  findings  that  12(5)-HETE  signaling  can  be  inhibited  by 
suramin  or  pertussis  toxin  suggests  the  existence  of  G  protein- 
coupled  receptors).  However,  no  HETE  receptors  have  yet 
been  cloned.  Receptors  for  arachidonate-fipoxygenase  products 
that  have  been  identified  to  date  are  the  fipoxin  A4  (51)  and 
leukotriene  B4  (52)  and  cysteinyl  leukotriene  receptors  (53, 54). 
These  receptors,  similar  to  the  receptors  for  prostaglandins,  are 
members  of  the  family  of  G  protein-coupled  seven  transmem¬ 
brane  receptors.  Several  attempts  to  identify  a  12(5)-HETE 
receptor  have  resulted  only  in  the  identification  of  a  C3d;oplas- 
mic  binding  complex,  which  is  not  well  characterized  (55,  56). 
Several  fines  of  evidence  suggests  that  12(5)-HGETE  might  have 
multiple  receptors  on  A431  cells.  1)  Binding  studies  revealed  at 
least  two  binding  sites  on  intact  cells.  2)  She  tyrosine  phospho¬ 
rylation  is  maximal  around  100  nM  12(5)-HETE  concentration, 
but  ERK  activation  is  not  saturated  even  at  500  nM.  3)  12(S)- 
HETE  effect  on  EGF-stimulated  activation  of  ERK  is  bi-phasic; 
at  100  nM  it  is  negative,  but  at  600  nM,  ERK  phosphorylation  is 
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augmented.  Considering  these  data  we  speculate  that  12(S)- 
HETE  may  have  a  high  and  a  low  affinity  receptor.  The  high 
affinity  receptor  stimulates  a  protein  tyrosine  phosphatase  as 
well  as  a  protein  tyrosine  kinase,  i.e,  Src.  This  is  not  necessarily 
conflicting,  since  Src  family  kinases  are  inhibited  by  phospho¬ 
rylation  of  a  C-terminal  residue.  The  proposed  phosphatase 
may  remove  phosphate  from  this  residue,  lifting  the  inhibition, 
which  then  leads  to  activation  of  Src.  The  observed  increase  in 
the  overall  tyrosine  phosphorylation  of  Src  following  12{S)- 
HETE  exposure  might  reflect  autophosphorylation  of  the  acti¬ 
vated  Src  on  the  two  positive  regulatory  tyrosine  residues.  In 
this  pathway  Src  is  positioned  upstream  of  She,  Grb2,  Ras,  and 
ultimately  of  the  ERK  cascade.  The  low  affinity  receptor  does 
not  appear  to  stimulate  either  the  protein  tyrosine  phospha¬ 
tase,  Src,  or  She.  Possibly  the  low  affinity  receptor  activates 
ERKl/2  via  stimulation  of  PKCa  (hence  increased  transloca¬ 
tion  of  PKCa  at  600  nM  12(iS)-HETE  concentration).  However, 
that  does  not  exclude  the  possibility  that  low  dose  12(S)-HETE 
activates  PKCa  via  the  high  affinity  receptor  coupled  to 
phospholipases. 

The  notion  of  multiple  12(S)-HETE  receptors  is  supported  by 
the  fact  that  high  affinity  (K^  1  nM  (7))  as  well  as  low  affinity 
(Ka  658  nM  (38))  binding  sites  were  found  on  different  cell  lines, 
and  by  our  observation  that  human  prostate  carcinoma  cell 
lines  express  both  high  and  low  affinity  binding  sites  simulta¬ 
neously.^  Furthermore,  the  She  phosphorylation  response 
curve  is  shaped  like  the  curve  of  functional  responses  to  12(iSi)- 
HETE  by  melanoma  cells  that  express  the  high  affinity  binding 
site  (7). 

It  is  not  surprising  that  the  utilization  of  labeled  12(iS)- 
HETE  for  isolation  of  its  receptor  has  been  unsuccessful,  con¬ 
sidering  that  the  serpentine  receptors  are  sensitive  to  solubili¬ 
zation  and  may  lose  binding  of  their  ligands  once  extracted 
from  the  plasma  membrane  or  dissociated  from  G  proteins  (57). 
Therefore,  functional  cloning  is  a  method  that  may  lead  to  the 
isolation  of  the  12(S)-HETE  receptor(s).  The  present  report 
identifies  downstream  effector  molecules  of  12(S)-HETE  sig¬ 
naling  which  can  be  monitored  and  hence  provide  useful  tools 
for  future  cloning  of  the  12(jS)-HETE  receptor(s). 

Following  activation  of  the  putative,  G  protein-coupled 
12(S)-HETE  receptor,  we  observed  activation  of  Src  kinases 
and  a  bifurcation  of  the  signaling  pathway.  The  concept  of  a  G 
protein-coupled  signaling  system  utilizing  parallel  pathways  to 
activate  ERK  is  not  unique  to  12(5)-HETE.  For  example,  an¬ 
giotensin  II  can  stimulate  ERK  through  activation  of  PKC  or, 
alternatively,  by  trans-activating  the  EGF  receptor  (12). 

Although  this  study  describes  two  novel  pathways  for  12(8)- 
HETE-induced  activation  of  ERK,  it  raises  some  interesting 
questions.  The  two  pathways  identified  in  the  present  study 
emanate  from  the  activation  of  Src  kinases.  However,  inacti¬ 
vation  of  Src  family  kinases  with  PP2  completely  inhibited 
tyrosine  phosphorylation  of  both  PLCyl  and  She,  following 
12(8)-HETE  treatment,  yet  this  was  insufficient  to  suppress 
completely  ERKl/2  stimulation,  suggesting  the  possibility  of  a 
Sre-independent  pathway  in  12(8)-HETE  signaling. 

Both  mitogenic  and  motogenic  cellular  responses  are  elicited 
by  12(S)-HETE  (46).  The  different  responses  to  the  same  sig¬ 
naling  molecule  may  be  due  to  the  duration  of  the  signal  stim¬ 
ulated  by  12(S)-HETE  and  whether  or  not  12(8)-HETE  stimu¬ 
lation  results  from  exogenously  or  endogenously  generated 
eicosanoid.  The  duration  of  ERK  activation  has  a  profound 
effect  on  the  cellular  response.  Depending  on  the  cell  t3q)e,  the 
short  time  period  activation  of  ERK  might  lead  to  differentia¬ 
tion,  and  long  term  activity  of  ERK  may  result  in  proliferation 
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Fig.  14.  Schematic  representation  of  the  proposed  12(8)-HETE 
signal  transduction  pathways.  12(S)-HETE  binds  to  a  putative  high 
affinity,  trimeric  G  protein-coupled  receptor  that  results  in  activation  of 
a  protein  tyrosine  phosphatase  and  Src  family  kinases.  These  kinases 
phosphorylate  PLCyl  and  the  adapter  protein  She.  PLC  activation 
results  in  stimulation  of  PKCa,  whereas  She  phosphorylation  leads  to 
recruitment  of  Grb2,  Sos,  and  ultimately  to  increased  GTP  loading  of 
Ras.  Ultimately  both  of  these  pathways  converge  on  Raf.  A  putative  low 
affinity  receptor  also  activates  PKCa  via  PLC.  DAG,  diacylglycerol;  IP3, 
inositol  1,4,5-trisphosphate;  PTP,  protein  tyrosine  phosphatase. 

or  vice  versa  (58).  In  this  study,  the  addition  of  exogenous 
12(8)-HETE  to  A431  cells  stimulated  ERK  activity  for  approx¬ 
imately  30  min.  However,  phorbol  ester  or  EGF  can  stimulate 
ERK  activity  for  a  period  of  hours.  The  short  duration  of  the 
ERK  response  observed  in  the  present  study  may  result  from 
esterification  of  exogenously  added  12(8)-HETE  into  mem¬ 
brane  lipids  (59),  limiting  the  availability  of  free  eicpsanoid, 
and  hence,  dampening  the  duration  of  the  ERK  response.  It  is 
possible  that  continuous,  endogenous  production  of  12(8)- 
HETE  could  result  in  a  constitutively  elevated  level  of  ERK 
activity.  The  addition  of  a  single  bolus  of  exogenous  12(8)- 
HETE  to  tumor  cells,  as  utilized  in  this  study,  may  mimic  a 
situation  that  occurs  during  metastasis  when  tumor  cells  are 
exposed  to  exogenously  produced  12-HETE  during  their  aggre¬ 
gation  with  platelets,  a  rich  source  of  12(8)-HETE  (1).  How¬ 
ever,  the  biological  response  may  be  different  in  the  case  of 
continuous,  endogenous  production  of  12(8)-HETE,  such  as  in 
epidermal  growth  factor  (60)  or  autocrine  motility  factor  (61)- 
stimulated  cells. 

Downstream  signaling  pathways  activated  by  other  lipoxy¬ 
genase  products  are  not  well  characterized.  Nevertheless,  there 
are  similarities  among  the  findings  described  in  the  literature 
and  those  in  the  present  study.  For  example,  neutrophil  5(8)- 
HETE,  a  positional  isomer  of  12(8)-HETE,  also  stimulates 
ERK  via  RAF  and  MEK  (62).  In  eosinophils,  leukotriene  B4 
activates  ERKl/2  hut  not  JNK  or  p38  MARK  (63)  and  promotes 
hydrogen  peroxide  production  in  a  PKC-dependent  manner 
(64).  Lipoxin  A4  increases  intracellular  calcium  concentration 
in  a  manner  inhibited  by  pertussis  toxin  (65).  Leukotriene  D4 
also  increases  calcium  concentration  in  cells  but  by  two  path¬ 
ways  as  follows:  1)  by  a  pertussis  toxin-sensitive  pathway  that 
results  in  the  stimulation  of  extracellular  calcium  influx,  and  2) 
by  a  pertussis  toxin-insensitive  pathway  resulting  in  the  mo¬ 
bilization  of  the  intracellular  calcium  pool  (45).  Therefore,  both 
leukotriene  D4  and  12(8)-HETE  promote  a  simultaneous  effect 
ii.e.  an  increase  in  intracellular  calcium  concentration  or  ERK 
activity,  respectively),  in  a  pertussis  toxin-dependent  and  -in¬ 
dependent  manner.  These  examples  suggest  that  lipoxygenase 
generated  eicosanoids  signal  via  pathways  that  are  in  common 
with  other  paracrine  effectors. 

Fig.  14  depicts  a  model  of  12(8)-HETE-mediated  signaling 
consistent  with  the  data  presented  in  this  report.  Stimulation 
of  a  putative  high  affinity  G  protein-coupled  receptor  leads  to 
the  activation  of  Src  family  kinases  and  a  protein  t3orosine 
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phosphatase.  The  pathway  bifurcates  with  tyrosine  phospho¬ 
rylation  of  two  Src  family  substrates,  She  and  PLC7I.  In  one 
arm  of  the  pathway  She  recruits  Grb2  Euid  activates  Sos  and 
Ras’  which  in  turn  activates  MEK  and  ERK.  In  the  parallel 
pathway,  PLCyl  activates  PKCa,  leading  to  activation  of  Raf, 
which  stimulates  the  downstream  kinases  MEK  and  ERK.  A 
low  affinity  receptor  may  also  stimulate  PKCa  and  ultimately 
ERKiy2. 

The  goal  of  this  study  was  to  identify  signaling  molecules 
that  may  be  responsible  for  the  pleiotropic  effects  of  12(S)- 
HETE  on  tumor  cells.  We  identified  PKC,  Ras,  and  ERKy2  as 
targets  of  12(S)-HETE  stimulation.  These  molecules  are  at  the 
intersections  of  multiple  signaling  pathways,  activation  of 
which  can  lead  to  diverse  changes  in  cellular  behavior.  Stimu¬ 
lation  of  these  signaling  molecules  may  help  to  explain  the 
many  and  varied  effects  of  12(S)-HETE  on  tumor  metastasis, 
i.e.  adhesion,  spreading,  migration,  and  invasion  (2-4),  stimu¬ 
lation  of  angiogenesis  (6),  and  protection  against  the  induction 
of  apoptosis  (5).  Since  the  presence  of  12-lipoxygenase  has  been 
correlated  with  prostate  cancer  progression  in  a  clinical  setting 
(40),  it  is  important  to  identify  the  signaling  pathways  utilized 
by  its  principal  arachidonate  metabolite  (i.e.  12(S)-HETE).  Fu¬ 
ture  studies  are  directed  toward  the  identification  of  the  12(S)- 
HETE  receptor(s). 
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The  involvement  of  12-lipoxygenase  (i2-I.OX)  expression 
and  function  in  tumor  metastasis  has  been  demonstrated  in 
severai  murine  tumor  celi  lines.  In  addition,  1 2-LOX  expres¬ 
sion  was  detected  in  human  prostatic  tumors  and  correlated 
to  the  clinical  stage  of  disease.  Here  we  provide  data  that 
human  prostate  cancer  ceil  lines  express  the  platelet-type 
isoform  of  1 2-LOX  at  both  the  mRNA  and  protein  ievels,  and 
immunohistochemistry  revealed  1 2-LOX  expression  in  hu¬ 
man  prostate  tumors.  The  enzyme  was  iocalized  to  the 
plasma  membrane,  cytoplasmic  organeiies  and  nucleus  in 
non-metastatic  celis  (PC-3  nm)  and  to  the  cytoskeieton  and 
nucleus  in  metastatic  cells  (DU- 1 45).  After  orthotopic/intra- 
prostatic  injection  of  tumor  ceils  into  SCID  mice,  the  meta¬ 
static  prostate  carcinoma  cells  (DU- 1 45)  expressed  1 2-LOX 
at  a  significantly  higher  levei  compared  with  the  non-meta¬ 
static  counterparts,  PC-3nm.  The  functional  involvement  of 
1 2-LOX  in  the  metastatic  process  was  demonstrated  when 
DU- 1 45  cells  were  pretreated  in  vitro  with  the  1 2-LOX  inhib¬ 
itors  N-benzyl-N-hydroxy-5-phenylpentamide  (BHPP)  or  ba- 
icalein,  the  use  of  which  significantiy  inhibited  lung  coloniza¬ 
tion.  These  data  suggest  a  potential  involvement  of  1 2-LOX 
in  the  progression  of  human  prostate  cancer,  fnt.  j.  Concer  87: 
37-43,  2000. 

©  2000  Wiley-Liss,  Inc. 

Membrane  receptors  regulate  cellular  activities  by  triggering  a 
cascade  of  events  ultimately  affecting  the  function  of  various 
kinases.  Significant  components  of  the  signaling  cascade  are  phos¬ 
pholipases  providing  arachidonate,  which  is  further  metabolized 
by  either  cyclooxygenase  (COX)  or  lipoxygenase  (LOX)  enzymes. 
It  is  known  that  both  COX  (Brinkman  et  al,  1990;  Thompson  et 
al,  1984)  and  LOX  (Honn  etal,  \99Aa\  Eling  and  Glasgow,  1994) 
products  are  able  to  provide  mitogenic  signals  to  cells.  Further,  it 
has  been  shown  that  LOXs  are  essential  regulators  of  cell  survival 
and  apoptosis  (Tang  et  al,  1996).  However,  12-LOX  and  its 
product  12-hydroxyeicosatetraenoic  acid  (12-HETE)  have  several 
other  physiological  functions  including  the  induction  of  endothe¬ 
lial  cell  retraction,  platelet  aggregation  and  chemokinesis  of  leu¬ 
kocytes  (Honn  et  al,  1994a).  12-LOX  is  expressed  in  3  immuno- 
logically  and  enzymologically  distinct  forms  (platelet,  leukocyte 
and  epithelial)  which  are  characterized  by  unique  tissue  distribu¬ 
tions  (Takahashi  et  al,  1998;  Hamsbrough  et  al,  1990;  Hagmann, 
1997). 

It  was  shown  that  various  rodent  and  human  tumor  types  express 
12-LOX,  produce  12-HETE  or  respond  to  exogenous  12-HETE. 
These  include  murine  melanomas  (Chen  et  al,  1994;  Silletti  et  al, 
1994)  and  carcinomas  (Chen  et  al,  1994;  Hagmann  et  al,  1995; 
Wang  et  al,  1996),  human  leukemias  (Hagmann  et  al,  1993), 
carcinomas  (Chen  et  al,  1994;  Hagmann  et  al,  1996)  and  mela¬ 
nomas  (Timar  et  al,  1999),  suggesting  an  important  function  for 
12-HETE  in  tumor  biology.  Systematic  studies  revealed  that  in 
addition  to  the  importance  of  12-HETE  as  a  mitogenic  signaling 
molecule,  12-LOX  and  12-HETE  have  important  roles  in  tumor 
metastasis  as  generators  of  motogenic  signals  (Timar  et  al,  1993a), 
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Figure  l-(a)  RT-PCR  analysis  of  12-LOX  mRNA  in  human 
prostate  cell  lines.  Total  RNA  from  PC-3  nm  (lane  1),  DU-145  Oane 
2),  HEL  (as  positive  control;  lane  4)  and  sample  without  RNA  (Ipe  5) 
were  PCR  amplified  using  platelet-type-specific  12-LOX  primers. 
PCR  products  were  separated  oh  2% 'agarose  gel  and  visualized  by 
cthidium  bromide  staining.  Lane  3  is  molecular  size  standard  (plasmid 
digest),  (b)  Western  blot  analysis  of  cellular  proteins  from  human 
prostate  cancer  cell  lines  probed  for  platelet-type  12-LOX.  Cellular 
proteins  were  isolated,  separated  by  SDS-PAGE,  trpsferred  to  nitro¬ 
cellulose  membrane  and  probed  for  12-LOX  protein  as  described  in 
Material  and  Methods.  Platelet  lysate  was  used  as  positive  control 
(lane  1).  Control  actin  blot  serves  as  protein  and  loading  reference. 
ML2  (lane  2),  TSU  Qane  3),  DU-145  Oane  4),  PC-3  Oane  5),  LN  Oane 
6)  and  PPC-1  (lane  7)  are  human  prostate  cancer  cell  lines,  whereas 
NHP  Oane  8)  is  a  prostate  epithelial  cell  line.  Note  the  double  bands 
in  ML2,  TSU,  DU-145,  LN  and  PPC-1  cells. 


upregulation  of  adhesion  molecules  (Chopra  et  al,  1991)  and 
promotion  of  local  invasion  through  matrices  by  enhancing  pro¬ 
teolytic  enzyme  release  (Honn  et  al,  1994b). 
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Prostate  cancer  has  become  a  leading  malignancy  in  the  aging 
populations  of  the  Western  hemisphere,  which  justifies  the  in¬ 
creased  interest  in  the  biology  of  this  disease.  Previously,  we 
demonstrated  that  12-HETE  promotes  rodent  prostate  carcinoma 
motility  and  invasion  (Liu  et  aL,  1994b),  suggesting  that  this 
molecule  might  be  an  important  component  of  the  motogenic 
signaling  pathway  in  prostate  cancer,  similar  to  melanoma  (Timar 
et  aL,  1993a),  Therefore,  the  aim  of  our  study  was  to  establish  the 
expression  of  12-LOX  in  human  prostate  carcinoma  cell  lines  both 
at  the  mRNA  and  protein  levels,  as  well  as  at  the  protein  level  in 
human  prostate  tissue,  and  to  study  its  subcellular  localization  and 
functional  significance. 


MATERIAL  AND  METHODS 
Cell  and  tumor  lines 

PC-3,  DU- 145,  LNCaP  and  HEL  cells  were  obtained  from 
American  Type  Culture  Collection  (Rockville,  MD)  and  routinely 
cultured  in  RPMI  1640  supplemented  with  10%  fetal  bovine 
serum,  2  mM  L-glutamine  and  antibiotics.  A  non-metastatic  sub¬ 
line  of  PC-3  (Le.,  PC-3  nm)  was  established.  The  PC-3  run  line 
proved  to  be  tumorigenic  but  non-metastatic,  whereas  the  DU- 145 
cell  line  was  both  tumorigenic  and  metastatic  in  v/vo  in  SCID  mice 
after  orthotopic  implantation  (Timar  et  aL,  1996b).  Normal  human 
prostate  (NHP)  epithelial  cells  were  obtained  from  Clonetics  (San 
Diego,  CA)  and  cultured  in  KBM  basic  medium  with  5  |xg/ml 
insulin,  0.5  |xg/ml  hydrocortisone,  10  ng/ml  epidermal  growth 
factor,  50  fx^ml  bovine  pituitary  extract,  10  ng/ml  cholera  toxin 
and  antibiotics.  Primary  prostate  carcinoma-1  (PPC-1)  cells  were 
initially  provided  by  Dr.  A.  Brothman  (Eastern  Virginia  Medical 
School).  The  TSU  cell  line  was  provided  by  Dr.  W.G.  Nelson 
(Johns  Hopkins  Cancer  Center).  A  PC-3  subline  that  preferentially 
metastasizes  to  bone  (PC-3-ML2)  was  provided  by  Dr.  M.  Steams 
(Medical  College  of  Pennsylvania).  These  latter  3  cell  lines  were 
cultured  in  RPMI  1640  supplemented  with  10%  fetal  bovine 
semm,  2  mM  L-glutamine  and  antibiotics. 


Detection  of  12-LOX  expression  at  RNA  level 

Total  RNA  was  obtained  using  the  guanidinium  isothiocyanatB- 
CsCl  method  as  described  previously  (Hagmann  et  aL,  1996)  and 
suspended  at  1  mg/ml  in  distilled  water.  Three  micrograms  of 
RNA  was  reverse  transcribed  (RT)  using  oligo(dT)18  primers  and 
2  |xl  of  the  cDNA  mixture  was  amplified  by  polymerase  chain 
reaction  (PCR)  with  sense  and  antisense  primers.  The  primers  span 
exon-intron  boundaries  of  the  12-LOX  gene  thus  avoiding  ampli¬ 
fication  of  genomic  DNA  during  PCR.  DNase  was  used  to  prevent 
PCR  product  carryover  and  genomic  DNA  contamination.  The 
RT-PCR  was  performed  in  the  GeneAmp  PCR  9600  (Perkin- 
Elmer-Cetus,  Wellesley,  MA)  at  94°C  for  30  sec,  70°C  for  30  sec 
and  72°C  for  30  sec  for  35  cycles.  The  sequence  of  the  platelet- 
specific  12-LOX  sense  and  antisense  probes  was  described  previ¬ 
ously  (Hagmann  and  Borgers,  1997).  Fifteen  microliters  of  PCR 
products  was  separated  by  electrophoresis  on  2%  agarose  gels, 
stained  by  ethidium  bromide  and  photographed.  PCR  products 
were  sequenced  directly  or  after  cloning  into  the  pCR2. 1  TOPO II 
vector  (Invitrogen,  La  Jolla,  CA)  and  sequenced  with  T-7  and  SP-6 
pitaers  as  described  (Trikha  et  aL,  1996, 1997).  The  sequence  was 
aligned  to  12-LOX  cDNA  (Funk  et  aL,  1990)  by  using  the 
MacVector  4.1  software  on  a  Macintosh  Quadra  630  computer. 

Detection  of  12-LOX  expression  at  protein  level 

Western  blotting.  Adherent  tumor  cells  cultured  in  vitro  were 
dislodged  from  the  flask  and  washed  in  PBS.  Aliquots  of  the 
homogenate  were  subjected  to  sodium  dodecyl  sulfate-polyacryl¬ 
amide  gel  electrophoresis  (SDS-PAGE)  on  8%  gels.  Proteins  were 
electrophoretically  transferred  to  nitrocellulose  membranes.  Cells 
were  lysed  in  TNC  (10  mM  Tris-acetate,  0.5%  NP-40,  and  5  (xM 
CaCl2,  pH  7.4)  buffer  on  ice.  The  solubilized  proteins  were  loaded 
on  4-20%  gradient  SDS-PAGE,  transferred  to  nitrocellulose  paper 
(the  non-specific  binding  sites  were  blocked  by  non-fat  milk)  and 
tiben  probed  with  primary  antibody  anti-12-LOX  (Oxford  Biomed- 
ic^,  Oxford,  UK)  and  secondary  antibody  goat  anti-rabbit  IgG 
(Bio-Rad,  Munich,  Germany)  conjugated  to  horseradish  peroxi¬ 
dase.  Enhanced  chemiluminescence  (ECL;  Amersham,  Little 


Figure  2  -  Immunohistochemistry  of  12-LOX  performed  on  frozen  prostate  tumor.  There  is  intense  cytoplasmic  positivity  in  the  malignant 
glands  of  this  Gleason  score  6  adenocarcinoma.  There  is  no  immunoreactivity  in  the  epithelium  of  the  normal  prostatic  glands  (N)  or  the  stromal 
cells  in  the  background.  Scale  bar  =  50  pm. 
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Chalfont,  UK)  was  used  for  detection.  For  positive  controls  we 
utilized  either  human  erythroleukemia  (HEL)  cells,  which  have 
been  demonstrated  to  express  platelet-type  12-LOX  (Funk  et  al, 
1990),  or  partially  purified  human  platelet-type  12-LOX  obtained 
from  human  platelet  lysates  (Oxford  Biomedical). 

Flow  cytometry.  Adherent  cells  were  detached  from  tissue  cul¬ 
ture  flasks  by  using  low  EDTA  washing  or  isolated  from  solid 
tumors  as  described  previously  (Trikha  et  aU  1998),  centrifuged  at 
lOOg  and  fixed  in  absolute  methanol  for  10  min.  After  washing  in 
PBS,  cells  were  labeled  for  platelet-type  12-LOX  using  a  rabbit 
polyclonal  antibody,  biotinylated  goat  anti-rabbit  IgG  (Amersham) 
and  Streptavidin-FITC  (Amersham).  For  negative  controls,  the 
primary  antibody  was  omitted.  Flow  cytometry  of  the  samples  was 
performed  as  described  previously  (Timar  et  al,  1993aX  wherein 
90%  of  the  fluorescence  of  the  negative  control  cell  population 
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Figure  3  -  Flow  cytometric  analysis  of  12-LOX  expression  at  pro¬ 
tein  level  in  human  prostate  cancer  cell  lines,  (a)  In  vitro  cultured  cells. 
In  vitro  cultured  tumor  cells  were  detached  from  the  plastic  surface, 
suspended,  fixed  in  methanol  and  labeled  for  platelet-type  12-LOX 
using  a  polyclonal  anti-human  12-LOX-specific  rabbit  antibody.  The 
bound  antibody  was  revealed  by  a  biotinylated  secondary  antibody  and 
FITC-labeled  Streptavidin.  Cells  (10"*)  were  analyzed  by  flow  cytom¬ 
etry  from  each  sample  for  the  percent  of  positive  cells.  Gate  was  set 
according  to  the  fluorescence  intensity  of  the  negative  controls.  Data 
are  expressed  as  means  ±  SD  (n  =  3).  (b)  In  vivo  growing  primary 
tumors.  Tumor  cells  were  injected  orthotopically  into  the  prostate  of 
SCID  mice,  5-10-mm-sized  primary  tumors  were  removed  and  tumor 
cells  were  isolated  by  an  enzymatic  method  (see  Material  and  Meth¬ 
ods).  Single  cell  suspensions  were  fixed  in  methanol  and  labeled  for 
platelet-type  12-LOX  using  a  polyclonal  anti-human  12-LOX-specific 
rabbit  antibody.  The  bound  antibody  was  revealed  by  a  biotinylated 
secondary  antibody  and  FITC-labeled  Streptavidin.  Cells  (Ifr*)  were 
analyzed  by  flow  cytometry  from  each  sample  for  the  percent  of 
positive  cells.  The  gate  was  set  according  to  the  fluorescence  intensity 
of  the  negative  controls.  Platelets  and  red  blood  cells  were  gated  out 
from  the  measurement  by  their  light  scatter  characteristics.  Data  are 
expressed  as  means  ±  SD  (n  =  3).  *p  <  0,05. 


served  as  the  gate.  Both  percent  of  positive  cells  and  fluorescence 
intensity  were  determined.  Samples  were  run  in  triplicate. 

Confocal  laser  scanning  microscopy.  Tumor  cells  were  plated 
onto  fibronectin-coated  glass  coverslips  in  vitro  for  60  min  at  37®C 
in  serum-free  RPMI  medium,  washed  and  the  adherent  cells  were 
fixed  in  1%  paraformaldehyde  (PFA)/PBS  or  absolute  methanol 
for  10  min.  The  PFA-fixed  cells  were  permeabilized  by  0.1% 
Triton  X-IOO/PBS  (4  min).  After  washing  in  PBS,  coverslips  were 
blocked  with  10%  non-immune  goat  serum/PBS  for  30  min  at 
room  temperature.  Platelet-type  12-LOX  was  identified  by  inunu- 
nocytochemistry  using  the  polyclonal  anti-12-LOX  antibody  as 
above.  The  primary  antibody  was  diluted  1:100  in  3%  bovine 
serum  albumin  (BSA)/PBS  and  the  cells  were  incubated  for  60  min 
at  room  temperature.  After  repeated  washings  in  PBS,  the  bound 
antibody  was  detected  using  a  biotinylated  goat  anti-rabbit  IgG 
(Amersham)  and  Streptavidin-FITC  (Amersham).  Control  cells 
were  incubated  with  non-immune  rabbit  serum  alone.  To  promote 
the  subcellular  localization  of  the  enzyme,  cells  were  counter- 
stained  with  propidium  iodine  to  identify  the  DNA-containing 
nucleus.  Confocal  microscopy  was  performed  on  a  Bio-Rad  MRX 
1024  confocal  microscope  operating  LaserSharp  software 
(Bio-Rad). 

Detection  of  12-LOX  expression  in  human  prostate  cancer 

Immunohistochemistry.  Sections  were  cut  from  snap-frozen  hu¬ 
man  prostate  cancer  tissue  at  4  |Jim  thickness  and  placed  on 
gelatin-coated  glass  slides.  Prostate  tissues  from  radical  prostatec¬ 
tomy  specimens  removed  from  a  total  of  18  patients  were  exam¬ 
ined.  The  sections  were  fixed  in  100%  cold  acetone  for  10  min. 
Primary  antibody  against  12-LOX  (Oxford  Biomedical)  was  di¬ 
luted  XI 00  and  incubated  for  20  min.  Detection  was  performed 
with  an  ABC  kit  (Vector  Labs,  Burlingame,  CA). 

Inhibition  of  12-LOX  in  vitro 

The  select  12-LOX  inhibitors  used  were  N-benzyl-N-hydroxy- 
5-phenylpentammide  (BHPP;  Bioraide  Corp.,  Grosse  Pointe 
Farms,  MI;  Chen  et  al,  1994;  Liu  et  al,  1994)  and  baicalein 
(BioMol,  Plymouth  Meeting,  PA;  Kimura  et  al,  1987).  Cultured 
tumor  cells  were  treated  with  the  12-LOX  inhibitors  BHPP  (Chen 
et  al,  1994),  or  baicalein  (Kimura  et  al,  1987)  dissolved  in  EtOH 
for  60  min  at  37°C  in  serum-free  RPMI  at  a  concentration  of  5  |xM. 
This  concentration  was  derived  from  previous  studies  (Chen  et  al, 
1994).  Control  cultures  were  treated  with  ethanol  solvent  alone. 

Orthotopic  injection,  re-isolation  of  tumor  cells  and  flow 
cytometry 

Cultured  tumor  cells  were  detached  from  the  plastic  surface  by 
low  EDTA  (Timar  et  al,  1993a),  resuspended  in  RPMI  and  5  X 
10^  tumor  cells  injected  into  the  prostate  of  SCID  mice  in  50  fxl 
volume  under  anesthesia  by  Nembutal.  On  the  8th  week  of  the 
experiment  animals  were  sacrificed  by  Nembutal  overdose,  the 
5-10-mm-sized  primary  tumors  were  surgically  removed,  sliced 
with  crossed  scalpels  in  RPMI  and  digested  with  collagenase  type 
IV  (Sigma,  St.  Louis,  MO),  testicular  hyaluronidase  (Sigma)  and 
DNase  (Sigma).  A  single  cell  suspension  was  prepared  by  repeated 
centrifugations  and  the  contamination  of  the  human  tumor  suspen¬ 
sion  with  host  mouse  cells  was  determined  by  flow  cytometric 
measurement  of  murine  transplantation  antigen  H2d-expressing 
cells.  These  studies  indicated  that  the  host  cell  contamination  was 
always  less  than  15%. 

Lung  colonization  assay 

In  vitro  cultured  tumor  cells  were  detached  from  culture  dishes 
by  using  low  EDTA,  washed  in  RPMI  and  injected  into  the  tail 
vein  of  SCID  mice  at  a  dose  of  10^  tumor  cells/mouse.  Animals 
were  sacrificed  by  Nembutal  overdose  on  the  30th  day  and  the 
internal  organs  were  analyzed  for  10^  tumor  colonies.  Histologic 
analysis  was  performed  on  the  lung  tissue  to  confirm  the  presence 
of  prostate  carcinoma  metastases.  In  view  of  the  huge  tumor  mass 
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TABLE  I -INVASIVE  PHENOTYPE  OF  HUMAN  PROSTATE  CANCER  CELL 
LINES  PC-3  AND  DU-145  IN  THE  PROSTATE  OF  SCID  MICE^ 


Type  of  invasion 

PC-3  nm 

DU-145  (%) 

Prostate  capsule 

Not  detected 

100 

Rectum 

Not  detected 

50 

Muscle 

Not  detected 

60 

Vascular 

Not  detected 

40 

^Data  represent  the  incidence  of  local  invasion. 


in  thf  lungs,  the  weight  Of  the  organ  was  detenriihed  in  all 
experimental  groups. 

RESULTS 

The  expression  of  12-LbX  mRNA  was  examined  in  HEL  cells, 
low  metastatic  PC-3  Cells  (ue.;  P.C-3  nm)  and  high  metastatic 
{irostate  cancer  cells  (DU- 145).  Total  RNA  was  isolated  from  each 
cell  line,  reversed  tr^scribed  to  CDNA  and  aniplified  by  PCR 
using  platelet-type  12TLOX-speciflC  primers,  as  described  in  Ma¬ 
terial  arid  Methods.  The  RNA  from  HEL,  PC-3  mri  and  DU- 145 
cells  all  yielded  the  predicted  404  bp  size  fragment  (Fig.  la).  The 
authenticity  of  this  fragment  was  confirmed  by  Southern  blot 
analysis  with  a  human  12-LOX  cDNA  probe  (data  not  shown).  The 
fragment  shared  100%  homology  with  humaii  platelet-type  12- 
LOX  (Funk  et  al^  1990)  ^Vithin  the  sequenced  region  (data  not 
shown). 

The  presence  of  platelet-type  12-LOX  in  prostate  carcinoma 
cells  was  further  confirmed  by  Western  blotting  of  cellular  proteins 
using  6  in  vitro  cultured  huniaii  prostatic  carcinoma  cell  lines.  The 
apparent  size  of  the  band  (73  kDa)  corresponded  to  partially 
purified  human  platelet-type  12-LOX  isolated  from  platelet  lysates 
(Fig.  \b).  A  positive  band  was  detected  in  1^-2,  TSU,  DU-145, 
PC-3  (wild  type),  LN  and  PPC-1  prostate  carcinoma  cells.  A  minor 
amount  of  12-LOX  was  also  detected  in  NHP  epithelial  cells  (Fig. 
1^).  An  upper  band  of  approximately  75  kDa  was  detected  in  TSU, 
DU- 145,  LN  arid  PPG-1  cells.  This  may  represent  a  phdsphory- 
lated  form  of  platelet-type  12-LOX  (K.  Tang  and  K.V.  Honn, 
unpublished  obseryatiori). 

The  above  data  demonstrate  that  authentic  platClet-type  12-LOX 
is  expressed  at  both  the  message  and  protein  levels  in  in  vitro 
cultured  prostate  carcinoma  cells.  To  confirm  that  the  expression 
of  platelet-type  12-LOX  was  not  an  artifact  of  in  vitro  cell  culture, 
we  performed  immimohistochemical  analysis  of  radical  prostatec¬ 
tomy  specimens.  A  total  of  12  of  18  patient  tumors  stained  positive 
for  12-LOX.  A  representative  section  is  shown  in  Figure  2.  Posi¬ 
tive  staining  was  observed  in  the  tumor  cells  with  little  or  no 
staining  in  normal  tissue. 

After  we  established  the  presence  of  platelet-type  12-LOX 
both  in  vitro  and  in  vivo  in  prostate  cancer,  further  studies  in 
this  report  focused  on  the  PC-3  nm  and  DU- 145  cell  lines. 
Immunocytochemistry  and  flow  cytornetry  indicated  that  30“ 
40%  of  cultured  tumor  cells  express  the  platelet-type  12-LOX 
(Fig.  3a).  Interestingly,  when  tumor  cells  were  injected  into  the 
prostate  of  SCID  mice  and  the  tumor  cells  re-isolated  from  the 
primary  tumor,  flow  cytometry  detected  12-LOX  expression  in 
DU- 145  cells  at  a  significantly  higher  proportion  compared  with 
the  PC-3  nm  cell  line  (Fig.  3b)y  suggesting  that  the  local 
environment  may  differentially  regulate  the  expression  of  the 
enzyme  at  the  protein  level  in  these  2  cell  lines.  We  next 
compared  the  subcellular  localization  of  12-LOX  in  PC-3  nm 
and  DU- 145  cells.  Confocal  microscopy  revealed  that  the  12- 
LOX  protein  in  PC-3  nm  cells  can  be  detected  at  the  peripheral 
plasma  membrane  of  spread  tumor  cells,  at  vesicular  cytoplas¬ 
mic  organelles  and  in  the  interchromatic  space  of  the  nucleus 
(Fig.  4a).  In  DU- 145  cells,  the  12-LOX  protein  was  also  ob¬ 
served  at  the  peripheral  plasma  membrane  and  in  the  nucleus; 
however,  the  protein  was  found  predominantly  in  the  cytoplasm 
forming  filaments  which  appeared  to  surround  the  nucleus 
(Fig.  4b), 


In  vivo  PC-3  nm  cells  are  tumorigenic  but  not  invasive, 
whereas  DU- 145  cells  are  both  tumorigenic  and  metastatic 
(Timar  et  ai,  1996).  In  vivo  studies  indicated  that  the  2  tumor 
cell  lines  have  different  invasive  potential  after  intraprostatic 
injection  (Table  I).  PC-3  nm  tumor  did  not  penetrate  the  pros¬ 
tatic  capsule  arid  never  progressed  beyond  that  border  (Fig.  5a). 
In  contrast,  DU- 145  tumors  always  infiltrated  the  prostatic 
capsule  and  in  50%  of  the  cases  it  was  possible  to  find  evidence 
of  local  invasion  in  the  muscle  (Fig.  5b),  adipose  tissues  or 
rectum  (data  not  shown). 

Since  we  observed  that  after  intraprostatic  growth  the  riietastatic 
DU- 145  cells  express  12-LOX  protein  at  a  significantly  higher 
level  compared  with  the  PC-3  rim  cells  (Fig.  3^),  we  postulated 
that  this  may  have  functiorial  sigriificance.  Therefore,  in  vitro 
cultured  DU- 145  tumor  cells  were  pretreated  with  the  LOX  inhib¬ 
itors  baicaleiri  dr  BHPP  in  vitro  (60  min;  5  jxM)  and  tested  for  their 
lung  coldriizatiori  potential.  Measureirient  of  the  tumor-bearing 
lungs  30  days  after  injection  indicated  that  both  agents  reduced 
lung  colonizatiori  and  flie  effect  of  BHPP  proved  to  be  statistically 
significaiit  (Fig.  6). 

DISCUSSION 

Expression  of  platelet-type  12-LOX  in  the  human  prostate  can¬ 
cer  cell  brie  PC-3  was  demonstrated  receritly  (Nie  et  ai,  1998).  In 
that  study,  high  expressor  dories  were  produced  by  stable  trans¬ 
fection  with  platelet-type  12-LOX.  These  high  expressor  clones 
exhibited  an  increased  in  vivo  groSvth  due  to  enhanced  tumor- 
induced  angiogenesis  (Nie  et  al„  1998).  In  this  study,  we  provided 
evidence  for  the  presence  of  12-LOX  message  in  2  cell  lines  (PC-3 
and  bU-145),  and  12-LOX  protein  in  6  prostate  cancer  cell  lines. 
We  compared  the  expression  of  12-LOX  in  a  metastatic  huriiari 
prostate  cancer  cell  line,  DU- 145,  with  a  non-irietastatic  counter¬ 
part,  PC-3  nm,  a  subline  of  PC-3,  and  have  provided  evidence  tiiat 
DU- 145  cells,  similar  to  PC-3  ftiri,  not  only  express  the  plateiet- 
^e  12-LOX  gene  but  also  contain  the  enzyme  protein.  RT-PCR 
indicated  the  presence  of  the  same  message  in  prostate  cancer  cell 
lines  PC-3  nm  and  DU- 145  as  in  the  positive  control  HEL  cells. 
Furthermore,  Western  blotting  revealed  a  predominant  protein 
band  in  both  tumor  lines  using  an  anti- 12-LOX  antibody.  How¬ 
ever,  the  molecular  weight  of  the  predominant  band  in  both  pros¬ 
tate  cancer  cell  lines  was  lower  (73  kDa)  than  the  one  in  HEL  cells 
(75  kDa).  Lower  molecular  weight  12-LOX  protein  bands  in  tiimOr 
cell  lines  were  observed  previously  in  3LL  murine  carcinoma  cells 
(Hagmann  et  al,  1995).  Furthermore,  a  12-LOX  of  68  kDa  size 
was  isolated  recently  from  rat  skin  cells  (Lomriitski  et  al,  1995). 
Explanation  for  the  lower  molecular  mass  of  these  proteins  could 
be  various  phosphorylation  states,  presence  of  splice  variants  or 
partial  protein  degradation.  The  significance  of  our  finding  of 
12-LOX  expression  in  human  prostate  cancer  cells  can  be  funda¬ 
mental  from  both  a  prognostic  and  a  therapeutic  point  of  view. 
Endogenous  production  of  12-HETE  was  correlated  to  the  invasive 
and  metastatic  potential  of  murine  tumors  (Chen  et  al,  1994; 
Hagmann  et  al,  1993).  Further,  it  was  also  demonstrated  that  the 
enzyme  which  initiates  12-HETE  production  is  actually  12-LOX 
(Chen  et  al,  1994;  Hagmann  et  al,  1993,  1996).  On  the  other 
hand,  12-LOX  expression  in  tumors  is  not  restricted  to  rodents, 
since  various  human  tumor  cell  lines  have  been  found  to  express 
12-LOX  (mostly  the  platelet-type  isoform)  including  epidermoid 
carcinoma  (Hagmann  et  al,  1996),  colorectal  aderiocarcinoma 
(Chen  et  al,  1994),  melanomas  (Timar  et  al,  1999)  arid  erythro- 
leukemias  (Hagmann  et  al,  1993).  Transfection  of  platelet-type 
12-LOX  into  PC-3  nm  cells  increased  tumor-induced  angiogenesis 
(Nie  et  al,  1998),  whereas  in  vivo  treatment  of  animds  with  a 
select  12-LOX  inlubitor  resulted  in  a  delayed  growth  of  DU- 145 
cells  in  the  prostate  (Tang  et  al,  1998)  suggesting  a  role  for 
platelet-type  12-LOX  in  the  regulation  of  growth  of  prostate  can¬ 
cer.  On  the  other  hand,  in  contrast  to  several  rodent  tumor  types, 
there  are  no  data  on  non-hemopoietic  human  tumors  concerning  a 
possible  function  of  12-LOX  in  tumor  metastasis.  Therefore,  it  is 
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Figure  4  -  Localization  of  12-LOX  in  cultured  prostate  cancer  cells  by  confocal  laser  scanning  microscopy,  (a)  Informative  optical  section 
of  a  fibronectin-adherent  PC-3  nm  cell.  12-LOX  protein  (green  fluorescence)  appears  in  the  nucleus  (red  fluorescence)  in  the  interchromatic 
spaces,  in  the  cytoplasm  in  the  form  of  heterogeneous  vesicles  and  at  the  cell  membrane,  (b)  Informative  optical  section  of  a  fibronectin-adherent 
DU- 145  cell.  12-LOX  protein  (green  fluorescence)  appears  in  the  nucleus  (red  fluorescence)  and  in  the  cytoplasm  as  filamente  or  inchvidual 
granules.  Note  the  accumulation  at  the  cell  center  (arrow).  Fibronectin-adherent  ells  were  fixed  in  MetOH,  blocked  for  non-specific  binding  and 
labeled  with  a  polyclonal  rabbit  IgG  produced  against  platelet-type  12-LOX  diluted  1:100;  the  bound  antibody  was  detected  by  a  biotinylated 
anti-rabbit  IgG  and  lOTC-conjugated  Streptavidin  (dilution  1:100).  Nuclei  were  detected  by  propidium  iodine  post-staining.  Confocal  images 
were  obtained  by  using  the  merged  red  and  green  signals  superimposed  on  the  phase  contrast  image.  Scale  bar  =  10  p.m. 


Figure  5  -  Histology  of  the  intraprostatic  human  prostate  cancer  xenografts,  (a)  PC-3  nm  tumor.  Peripheral  area  of  the  tumor  in  the  SCID 
mouse  prostate  4  wee&  after  intraprostatic  injection.  Note  the  intact  fibrous  capsule  between  the  tumor  (lower  left  area),  the  prostate  gland  (upper 
left  area)  and  !he  muscular  tissue  (right),  (b)  DU- 145  tumor.  Peripheral  area  of  the  tumor  in  the  SCID  mouse  4  weeks  after  intraprostatic  injection. 
Note  the  anaplastic  tumor  cell  nests  infiltrating  the  periprostatic  muscular  tissue.  Hematoxylin-eosin  stains.  Scale  bar  =  25  |jim. 


important  that  we  have  shown  in  this  report  that  a  significant 
proportion  of  the  human  prostate  cancer  cells  expresses  12-LOX. 
Furthermore,  the  metastatic  cell  line  DU- 145,  implanted  into  the 
prostate  of  SCID  mice,  expressed  12-LOX  at  a  significantly  higher 
level  than  the  non-metastatic  counterpart,  PC-3nm,  suggesting  that 


the  enzyme  might  be  functional  in  the  metastatic  cascade  similar  to 
what  was  observed  previously  in  several  rodent  tumors  (Honn  et 
al,  1994a).  This  assumption  was  further  corroborated  in  in  vivo 
experiments  where  we  have  shown  that  in  vitro  pretreatment  of 
human  prostate  carcinoma  cells  with  12-LOX  inhibitors  dimin- 
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Figure  6  -  Effect  of  LOX  inhibitor  pretreatments  of  DU- 145  cells 
on  lung  colonization  in  SCID  mice.  Tumor  cells  were  pretreated  in 
vitro  for  60  min  with  5  jjiM  baicalein  (BAI),  5  mm  BHPP  or  solvent 
(CTR).  Preheated  tumor  cells  were  injected  into  the  tail  vein  of  SCID 
mice  at  10^  cells/animal.  The  experiment  was  terminated  on  the  30th 
day,  and  lungs  were  removed.  Due  to  the  large  amount  of  tumor 
nodules  in  the  lungs  of  the  control  animals,  the  weight  of  the  lungs  was 
determined  to  quantitate  the  lung  colonization.  Data  are  expressed  in 
grams  and  are  means  ±  SD  of  8-10  animals.  *p  <  0.05. 


ished  their  lung  colonization  potential.  The  most  effective  inhibi¬ 
tor,  BfpP,  was  shown  previously  to  be  antimetastatic  in  the  case 
of  murine  melanoma  at  comparable  in  vitro  dose  ranges  (te.,  5-10 
fxM)  (Chen  et  al,  1994). 


This  study  also  provided  novel  data  on  the  subcellular  distribu¬ 
tion  of  12-LOX  in  tumor  cells.  Previously,  12-LOX  was  localized 
to  the  apical  plasma  membrane,  to  the  cj^osol  and  to  the  nucleus 
(Hagmann,  1997;  Hagmann  et  al,  1996).  Here  we  haye  demon¬ 
strated  that  in  matrix  adherent  prostate  carcinoma  cell  lines  12- 
LOX  is  also  present  in  the  plasma  membrane,  at  cytoplasmic 
vesicles  and  at  cytoskeletal  filaments.  The  presence  at  the  plasma 
membrane  can  be  correlated  to  the  known  signaling  function  of 
12-HETE  and  12-LOX  (Liu  et  al,  1994^),  while  the  presence  at 
the  nucleus  may  be  correlated  to  its  role  in  cell  survival  and 
apoptosis  (Tang  et  al,  1996;  Hagmann,  1997).  The  novel  finding 
that  12-LOX  is  also  associated  to  cytoplasmic  vesicles  and  cy¬ 
toskeletal  filaments  might  explain  those  observations  that  12- 
HETE  has  regulatory  effects  on  organelle  translocation  or  cy¬ 
toskeletal  rearrangements  (Timar  et  al,  1993b).  It  is  noteworthy  to 
mention  in  this  respect  that  biochemical  studies  suggested  that 
almost  all  biological  effects  of  12-HETE  are  mediated  through 
protein  kinase  C(a)  (Liu  et  al,  1995),  which  was  also  found  to  be 
associated  not  only  to  the  plasma  membrane  but  to  the  cytoskel- 
eton  and  cytoplasmic  vesicles  (Timar  et  al,  1996a).  Collectively, 
these  observations  suggest  that  a  12-LOX/protein  kinase  C 
complex  might  serve  as  a  translocating  signal  unit  acting  not 
only  at  the  plasma  membrane  but  at  receptor-containing  vesi¬ 
cles,  the  cytoskeleton  or  in  the  nucleus.  Furthermore,  the  system 
may  have  important  functions  in  the  progression  of  human 
prostate  cancer. 
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The  arachidonic  acid  metabolite  of  12  lipo:i^genase, 
12(S)-hydroigreicosatetraeiioic  acid  (12(S)-HETE)  pro¬ 
motes  metastatic  behavior  of  tumor  cells.  In  this  study 
we  set  out  to  identify  12(S)-HETE  signaling  pathways, 
and  their  contribution  to  ceDular  functions  in  A431 
epidermoid  carcinoma.  (1)  12(S)-HETE  stimulated 
phosphotyrosine  associated  PIS  kinase  activity.  (2) 
12(S)-HETE  stimulated  ERKl/2  in  a  PIS  kinase  depen¬ 
dent  manner.  (S)  PIS  kinase  affected  the  12(S)-HETE 
stimulated  Ra^MEK/ERK  cascade  at  the  level  of  MEK. 
(4)  12(S)-HETE  stimulated  ERKl/2  via  PECC.  (6)  12(S)- 
HETE  stimulated  cell  migration  on  laminin,  which 
was  eliminated  by  PIS  kinase  and  cPKC  inhibitors,  but 
it  was  unaffected  by  inhibition  of  ERKl/2.  O  2000  Academic 
Press 

Key  Words:  eicosanoid;  12(S)-HETE;  PIS  kinase;  PKC; 
ERE^  MAP]^  migration. 


Arachidonic  acid  is  metabolized  by  cycloxygenases 
and  lipoxygenases,  leading  to  the  formation  of  a  wide 
variety  of  eicosanoids,  which  have  potent  biological 
activity,  including  promotion  of  tumor  progression.  In 
particular,  expression  of  12  lipoxygenase  (12  LOX)  was 
found  to  correlate  with  the  more  malignant  stage  of 
prostate  cancer  (1,  2).  Studies  on  the  arachidonic  acid 
metabolite  of  12  lipo^genase,  12(S)-HETE,  revealed 
that  this  lipid  promotes  multiple  functions  that  are 
j  important  for  metastasis,  such  as  adhesion  (3),  spread¬ 
ing  (4),  secretion  of  proteases  (5),  migration  (6),  endo¬ 
thelial  cell  retraction  (7),  as  well  as  protertion  from 
apoptosis  (8)  and  stimulation  of  angiogenesis  (9).  The 
multitude  of  cellular  functions  that  are  affected  by 
12(S)-HETE  suggests  the  activation  of  a  complex  sig¬ 
naling  network.  Earlier  works  on  melanomas  demon- 

Abbreviations  used;  ERK,  extracellular  regulated  protein  kinase; 
PI3K,  pbospboinositide-3  kinase;  PKC,  protein  kinase  C;  PLC,  pbos- 
pholypase  C. 
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strated  that  phospholipase  C,  and  protein  kinase  C 
(PKCa)  are  important  factors  in  12(S)-HETE  signaling 
(4).  Recent  publications  underscore  the  contribution  of 
other  signaling  molecules  in  12(S)-HETE  signaling, 
such  as  phospholipase  D  (10),  the  extracellular- 
regulated  kinase  (ERK)  cascade  (11),  and  Src  family 
kinases  (11). 

In  this  study  we  attempted  to  further  elucidate 
12(S)-HETE  stimulated  cellular  signaling.  We  estab¬ 
lished  that  PIS  kinase  is  involved  in  12(S)-HETE  sig¬ 
naling  in  A431  epidermoid  carcinoma  cells.  PIS  kinase 
enhanced  MEK  and  in  turn  ERKl/2  activity  via  PKCf. 
Conventional  PKCs  and  PIS  kinase  are  essential  for 
12(iS)-HETE  stimulated  migration  of  A4S1  cells  on 
laminin  but  inhibition  of  ERK  had  no  effect  on  this 
process. 

MATERIALS  AND  METHODS 

Antibodies  and  reagents.  Anti-phospho-specific  ERK  and  MEK 
antibodies  were  purchased  from  New  England  Biolabs  (Beverly, 
MA).  Anti-pan  ERK,  PY20,  MEK  were  from  Transduction  Laborato¬ 
ries  (Lexington,  KY),  and  horse  radish  peroxidase  conjugated  sec¬ 
ondary  antibodies  were  purchased  from  Amersham  (Arlington,  IL). 
Anti-PKCf  was  firom  Santa  Cim  Biotechnologies  (Santa  Cruz,  CA). 
12(S)-HETE  was  purchased  from  Cayman  Chemicals  (Ann  Arbor, 
MI).  Protein  (5-Sepharose4B  was  from  Zymed  (S.  San  Francisco,  CA). 
The  inhibitors  (jro6976  (inhibitor  of  conventional  PKC  isozymes,  ICm 
2.3  nM,  solvent:  ethanol)  PD98059  (inhibitor  of  MEK,  ICw  2  pM, 
solvent:  ethanol),  and  Ly294002  (PIS  kinase  inhibitor,  ICm  1.4  mM, 
solvent:  ethanol)  were  fixim  Calbiochem  (La  Jolla,  CA).  Purified 
ERK2,  MEK2  and  myelin  basic  proteins  were  fix>m  Upstate  Biotech¬ 
nologies.  All  other  chemicals  were  obtained  from  Sigma  (St.  Louis, 
MO). 

Cell  culture.  The  human  epidermoid  carcinoma  cell  line  A431 
(American  Tissue  Culture  Collection,  Rockvell,  MD)  was  cultured  in 
Dulbecco’s  modified  Eagle  media  (DMEM)  supplemented  with  10% 
FBS  (Gibco,  Gaithersburg,  MD)  and  25  mg/1  Gentamycin  (Gibco). 
Cells  were  passaged  with  0.05%  Trypsin-EDTA. 

Plasmids  that  encode  wild  type  (wt)  or  dominant  negative(dn) 
PKCf  were  generous  gifts  of  Dr.  Jorge  Moscat'  [Universidad  Au¬ 
tonoma  de  Madrid,  Spain,  (12)1,  the  corresponding  empty  vector, 
pcDNA3.1  was  purchased  from  Invitrogen  (Carlsbad,  CA).  A431  cells 
were  transfected  with  wt  PKCf,  dn  PKC{  or  control  plasmid  using 
Fugene6  transfection  reagent  (Boehringer-Mannheim,  Indianapo¬ 
lis,  IN)  according  to  the  manufacturer’s  recommendations.  Trans- 
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FIG.  1.  12(S)-HETE  stimulates  phosphot^osine  associated  PIS 
kinase  activity  in  a  time  and  dose  dependent  manner.  Serum  starved 
cells  were  treated  with  100  nM  12(S)-HETE  for  0-5  min  (A)  or  with 
0-1200  nM  12(iS)-HETE  for  5  min  (B).  Following  treatment  tyrosine 
phosphoiylated  proteins  were  immunoprecipitated,  and  immu- 
nucomplexes  were  assayed  for  PIS  kinase  activity.  Thin  layer  chro¬ 
matography  plates  were  visualized  Qower  panels)  and  quantitated 
(upper  panels)  with  a  phosphorimmager. 


kinase  is  stimulated  by  12(iS)-HETE  as  early  as  2  min 
following  treatment  (Fig.  lA)  with  maximal  (2.2-fold) 
activation  at  300  nM  concentration  (Fig.  IB). 

12(S)-HETE  stimulated  ERKl/2  activity  is  partially 
dependent  on  PIS  kinase.  To  test  whether  PIS  kinase 
plays  a  role  in  ERKl/2  activation,  two  structurally 
imrelated  pharmacological  inhibitors  of  these  enzymes 
(L3r294002  or  wortmannin)  were  utilized.  As  deter¬ 
mined  by  Western  blotting  both  PIS  kinase  inhibitors 
dose  dependency  reduced  12(S)-HETE  stimulated  ac¬ 
tivation  of  ERKl/2  (Fig.  2).  It  is  noteworthy,  that  even 
10  X  of  the  ICso  of  Ly294002  or  wortmannin  did  not 
completely  abolish  12(5)-HETE  stimulated  phosphor¬ 
ylation  of  ERKl/2,  suggesting  that  other,  PIS  kinase 
independent  mechanisms  may  also  be  involved  (11). 

PIS  kinase  activity  affects  the  Raf-MEK-ERK  cascade 
at  the  level  ofMEK  Signaling  upstream  of  ERKl/2  is 
modulated  at  several  levels.  For  example  receptor  ty¬ 
rosine  kinases  stimulate  Raf  via  Ras,  and  conventional 
PKCs  modulate  activity  of  Raf  kinase.  To  test  where 


PIS  kinase  exerts  its  influence  on  the  RafiMEK/ERK 
cascade,  activity  of  upstream  kinases  MEK  and  Raf 
was  monitored  in  the  presence  or  absence  of  PIS  kinase 
inhibitor  LY294002  following  12(S)-HETE  treatment. 
12(S)-HETE  (100  nM)  stimulated  activity  (Pig,  3A),  as 
well  as  serine  phosphorylation  (Fig.  SB)  of  MEK  ki¬ 
nase,  which  was  reduced  in  the  presence  of  LY294002. 
In  contrast  to  MEK,  Raf  activity  was  not  signiflcantly 
different  in  the  presence  or  absence  of  LY294002  in 
cells  challenged  with  12(S)-HETE  (Fig.  SC),  as  deter¬ 
mined  by  an  in  vitro  kinase  assay.  Collectively  tiiese 
results  suggest  that  PIS  kinase  stimulates  ERKl^  via 
MEK,  but  not  Raf  in  response  to  12(S)-HETE  treat¬ 
ment. 

PKCi  is  involved  in  12(S)-HETE  stimulation  of 
ERKl/2.  In  vitro  studies  demonstrated  that  D-3 
phosphoinositide  lipids  activate  novel  PKC  isoforms, 
i.e.,  8  e,  and  ij  as  well  as  atypical  PKCs,  i.e.,  PKC^  (in 
15),  but  not  conventional  PKCs.  Of  the  PIS  kinase 
dependent  enzymes,  PKCf  has  been  shown  to  acti¬ 
vate  the  ERK  cascade.  Further,  PKC^  appears  to 
directly  influence  MEK  (12),  as  opposed  to  PKCa, 
which  activates  Raf  (11).  Therefore  we  tested 
whether  PKC^  is  activated  by  12(S)-HETE.  In  vitro 
kinase  assays  revealed  that  i2(S)-HETE  stimulates 
PKCf  activity  with  a  similar  time  course  to  that  of 
PIS  kinase  activity  (Fig.  4A).  In  order  to  demonstrate 
involvement  of  PKC^  in  12(S)-HETE  simulation  of 
ERKl/2,  A431  cells  were  transfected  with  either  wild 
t3T)e,  or  a  dominant  negative  PKC^  expressing  plas¬ 
mid.  Overexpression  of  wild  type  PKC^  slightly  (by 
10%)  increased  the  responsiveness  of  A431  cells  to 
12(S)-HETE  in  terms  of  ERKl/2  activation,  while 
overexpression  of  dominant  negative  form  of  PKC^ 
reduced  responsiveness  by  50%  (Fig.  4B). 

Migration  ofA4Sl  cells  on  laminin  is  stimulated  by 
12(S)-HETE.  The  eicosanoid  12(S)-HETE  is  known  to 
stimulate  migration  of  melanoma  cells  (6).  In  order  to 
attribute  function  to  the  signaling  molecules  that  were 


P-ERKl 

P-ERK2 


ERK2 


12(S)-HETE  -  +  +  ++  + 

LY294002  -  ■  +  ++  - 

wortmannin  •  .  -  .  +  44 

FIG.  2.  P13  kinase  and  ERKl/2  play  a  role  in  12(S)-HETE  sig¬ 
naling.  A431  cells  were  pretreated  with  Ly294002  or  wortmannin  for 
16  min  (+,2.3  /xM,  or  6  nM;  + +,  23f(M,  or  60  nM;  respectively),  then 
challenged  witii  300  nM  12(iS)-HE'IE  for  10  min.  Whole  cell  lysates 
were  analyzed  by  Western  blotting,  using  an  antibody  directed  to  the 
activated  form  of  ERKl/2  (upper  panel).  To  demonstrate  even  load¬ 
ing,  blot  was  stripped  and  reprobed  with  an  antibody  that  recognizes 
ERK  independent  of  its  phosphorylation  status. 
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Putative 


FIG.  6.  Schematic  representation  of  the  signaling  pathways  and 
their  effects  on  ceU  function.  The  putative  12(S')-HETE  receptor 
activates  PKCa  via  phospholypase  C  and  stimtdates  PKC^  via  in- 
ositide  kinase.  Both  PKC  isoforms  contribute  to  phosphorylation  of 
the  RafiMEK/BRK  cascade,  PKCa  at  the  level  of  Raf,  PKC^  via  MEK. 
While  both  pathways  are  essential  for  mediating  migratoiy  pheno¬ 
type,  downstream  I^ase  ERK  is  necessary  for  this  function. 

study  and  their  most  important  implications  are  as 
follows:  (1)  12(S)-HETE  stimulates  PI3  kinase  activity; 
(2)  and  PI3  kinase  is  rate  limiting  for  ERKiy2  activa¬ 
tion,  pointing  to  the  possibility  that  PI3  kinase  may  be 
more  important  in  mediating  the  effects  of  eicosanoids 
than  was  previously  assumed;  (3)  Inhibiting  PI3  kinase 
activity  reduces  12(S)-HETE  induced  MEK  activity, 
but  does  not  affect  stimulation  of  Raf.  This  finding 
imderscores  the  importance  of  MEK  as  a  point  of  reg¬ 
ulation,  rather  than  a  simple  signal  relay  molecule;  (4) 
12(S)-HETE  activates  PKC^  and  in  turn  PKC^  contrib¬ 
utes  to  ERKl/2  phosphorylation,  which  in  concert  with 
earlier  findings  demonstrates  that  multiple  PKC  iso¬ 
forms  may  be  involved  in  transmitting  the  12(S)-HETE 
signal  in  a  given  system;  (5)  12(5)-HETE  promoted 
A431  cell  migration  on  lammin  is  dependent  on  PI3 
kinase  and  on  conventional  PKCs,  but  not  on  MEK, 
which  support  the  concept,  that  individual  members  of 
the  multi  level  signaling  networks  might  be  responsi¬ 
ble  for  a  particular  function  without  the  involvement  of 
downstream  elements.  These  findings  are  smnmarized 
in  Fig.  6.  There  are  some  indications  in  the  literature 
that  PI3  kinase  may  participate  in  eicosanoid  signal¬ 
ing.  For  example  in  vascular  smooth  muscle  cells  pros¬ 
taglandin  F2a  activated  ERK2  in  a  PI3  kinase- 
dependent  and  -independent  pathway  (19),  and 
leukotriene  B4  induced  leukocyte  migration  was 
blocked  by  a  PI3  kinase  inhibitor,  i.e.,  wortmannin 
(20).  The  overlap  between  eicosanoid  and  PI3  kinase 
mediated  functions  suggest  that  inositide  kinases 
might  be  involved  in  eicosanoid  signaling  to  a  much 
larger  extent  than  currently  appreciated,  therefore 
demonstration  of  PI3  kinase  activity  and  fimction  in 
response  to  an  eicosanoid  [12(S)-HETE]  is  a  significant 
step  toward  uncovering  the  mechanism  of  action  of 


bioactive  lipids.  Further  work  is  required  to  evaluate 
whether  PI3  kinase  is  involved  in  other  12(S)-HETE 
functions,  such  as  in  stimulation  of  cell  survival  (8) 
since  both  PI3  kinase  and  PKC^  are  implicated  in 
mediating  anti-apoptotic  signals. 

Our  results  demonstrating  that  PI3  kinase  stimu¬ 
lated  the  ERK  cascade  via  MEK,  complement  Berra  et 
al.  (12),  who  found  that  ffie  dominant  negative  mutant 
of  PKC^  dramatically  impairs  activation  of  ERK  and 
MEK  by  serum  and  tumor  necrosis  factor,  and  Schon- 
wasser  et  al.  (21),  who  demonstrated  that  in  contrast  to 
conventional  and  novel  PKCs,  which  are  potent  activa¬ 
tors  of  c-Rafl,  atypical  PKCs  do  not  stimulate  c-Rafl, 
but  rather  activate  MEK  through  an  independent 
mechanism. 

The  role  of  signaling  molecules  in  migration  is  com¬ 
plex,  and  it  is  system  dependent.  For  exsunple  ERK 
antisense  nucleotides  block  FG  carcinoma  cell  migra¬ 
tion,  and  the  motility  of  COS-7  cells  transfected  vdth 
the  constitutively  active  ERK  is  stimulated  because 
ERK  phosphorylates  myosine  light  chain  kinase  (22). 
While  there  are  only  a  limited  number  of  examples 
whereby  ERK  modulate  migration,  the  role  of  various 
PKC  isolypes  in  organizing  the  cytoskeleton,  and 
therefore  affecting  cell  shape  and  motility  is  well  doc¬ 
umented  (reviewed  in  23).  However,  it  is  an  intriguing 
concept,  that  one  function  (in  this  case  motility)  re¬ 
quires  activity  of  multiple  independent  (i.e.,  cPKC  and 
PI3  kinase)  signaling  pathways. 

In  conclusion,  this  study  links  eicosanoid  signaling 
to  PI3  kinase,  a  potent  mediator  of  cytoskeletal  alter¬ 
ations  and  anti-apoptotic  effects. 
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abstract:  The  platelet  isoform  of  12~lipoxygenase  (12-LOX)  is  expressed  in  a  variety  of  human  tumors. 
12-LOX  metabolizes  arachidonic  acid  to  12(5)~hydroxyeicosateraenoic  acid  (12(5)“HETE),  which  induces 
a  number  of  cellular  responses  associated  with  tumor  progression  and  metastasis.  Little  is  known  about 
12-LOX  regulation  and  no  direct  regulators  of  12-LOX  activity  have  been  identified.  To  identify  potential 
regulators  of  12-LOX,  we  isolated  cDNAs  encoding  12-LOX  interacting  proteins  using  the  yeast  two- 
hybrid  system.  We  screened  a  yeast  two-hybrid  interaction  library  from  human  epidermoid  carcinoma 
A431  cells  and  identified  four  cellular  proteins  that  interact  specifically  with  12-LOX.  We  identified  type 
n  keratin  5,  lamin  A,  the  cytoplasmic  domain  of  integrin  fiA  subunit  and  a  phosphoprotein  C8FW  as 
12-LOX  interacting  proteins.  Here,  we  demonstrated  that  keratin  5,  a  58  kD  protein  required  for  formation 
of  8  nm  intermediate  filaments,  binds  to  12-LOX  in  human  tumor  cells  and  may  contribute  to  the  regulated 
trafficking  of  12-LOX.  We  also  showed  that  lamin  A  binds  12-LOX  in  human  tumor  cells.  These  proteins 
provide  the  first  candidate  regulators  of  12-LOX. 


12-lipoxygenase  (EC  1.13.11.31),  one  of  at  least  three 
lipoxygenases,  metabolizes  arachidonic  acid  (AA)  to  12- 
hydroperoxyeicosatetraenoic  acid  (i2-HPETE),*  which  is 
subsequently  converted  to  12(S)-HETE  and  hepoxilins  (7). 
Enzymological,  immunological,  and  molecular  biological 
evidence  indicates  that  the  12-LOX  proteins  expressed  in 
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leukocytes,  platelets,  and  tracheal  epithelium  are  three 
distinctly  different  enzymes  (2—5).  Platelet-type  12-LOX  is 
expressed  normally  in  platelets,  megakaryocytes,  umbilical 
vein  endothelial  cells,  and  a  wide  variety  of  human  and 
rodent  tumor  cells  including  HEL  (human  erythroleukemia) 
cells  and  A431  cells  (human  epidermoid  carcinoma)  (4). 
Platelet  12-lipoxygenase  is  a  dual-function  enzyme  that 
posseses  both  oxygenase  and  lipoxin  synthase  activity  (5). 
Platelet  12-LOX  metabolizes  only  AA  (but  not  c-18  fatty 
acids,  such  as  linoleic  acid)  to  form  exclusively  12(S)-HETE 
(6)  and  utilizes  leukotriene  A4  to  generate  lipoxin  A4  and 
B4  during  platelet-leukocyte  interactions  (5).  12(S)-HETE 
induces  a  plethora  of  responses  in  tumor  cells  and  is  linked 
to  tumor  progression  and  metastasis  (7).  For  example,  12- 
(S)-HETE  has  been  reported  to  stimulate  integrin  expression 
and  secretion  of  proteinases,  enhance  tumor  cell  motility  and 
invasion,  and  induce  angiogenesis  (7—5).  Leukotrienes  and 
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lipoxins  participate  in  multicellular  events  including  throm¬ 
bosis,  inflammation,  immunity,  and  atherosclerosis.  For 
instance,  lipoxin  A4  down-regulates  leukocyte  responses  and 
trafficking  and  neutrophil-endothelial  interaction  (9-10), 
while  lipoxin  B4  regulates  human  neutrophil  adherence  and 
motility  (II). 

Human  platelet-type  12-LOX  is  believed  to  play  a  role  in 
cancer  and  other  pathological  conditions,  such  as  psoriasis, 
atherosclerosis,  and  arthritis.  In  a  clinical  study  of  137 
prostate  cancer  patients,  platelet-type  12-LOX  expression 
levels  were  determined  in  cancer  tissue  and  compared  with 
the  levels  in  matching  normal  tissue  from  each  patient. 
Approximately  38%  of  the  patients  studied  exhibited  elevated 
levels  of  platelet-type  12-LOX  in  the  cancer  tissues.  This 
elevated  12-LOX  correlated  positively  with  tumor  stage  and 
grade  and  positivity  for  prostate  cancer  cells  in  the  surgical 
margins  (12).  In  addition  12-LOX  activity  is  up  regulated 
in  tumor  cells  following  y  radiation  (13).  Clearly,  under¬ 
standing  how  the  12-LOX  enzyme  is  regulated  will  be  an 
important  step  in  elucidating  the  role  of  this  enzyme  in  a 
variety  of  human  cancers. 

The  enzyme  activity  of  12-LOX  and  5-LOX  is  regulated 
by  a  translocation  process  following  cell  stimulation.  It  has 
been  shown  that  Ca^"’"  and  thrombin  increase  12-LOX  activity 
and  12(S)-HETE  production  by  the  translocation  of  12-LOX 
from  cytosol  to  membrane  in  human  platelets,  HEL  cells, 
and  A431  cells  (14—15,  33, 41).  A  recent  report  demonstrates 
that  an  anti-platelet  agent  inhibits  the  12-LOX  activity  and 
12(S)-HETE  production  by  blocking  the  translocation  of  12- 
LOX  (75).  However,  to  date  there  is  no  diret  evidence  for 
protein(s)  that  could  mediate  12-LOX  translocation,  and  no 
direct  regulator/interacting  protein  of  12-LOX  has  been 
found.  In  constrast,  for  leukocyte  5-LOX,  there  is  evidence 
of  complex  protein— protein  interactions  in  its  nuclear 
membrane  translocation,  activation,  and  substrate  acquisition 
in  intact  cells  (27).  For  example,  FLAP  (5-lipoxygenase¬ 
activating  protein)  assocation  with  5-LOX  after  its  translo¬ 
cation  acts  as  an  arachidonic  acid  transfer/docking  protein 
that  “presents”  the  substrate  to  5-LOX  on  the  leukocyte 
nuclear  membrane  (16).  This  finding  was  the  first  indication 
that  a  protein  directly  associates  with  and  regulates  the 
activity  of  a  member  of  the  lipoxygenase  family.  Recently, 
three  additional  5-LOX-interacting  proteins  that  may  be 
involved  in  regulation  and/or  nuclear  localization  were 
identified  using  the  yeast  two-hybrid  system  (77). 

In  this  study,  we  used  a  yeast  two-hybrid  approach  to  iden¬ 
tify  proteins  diat  interact  with  12-LOX  and  that  may  regulate 
its  activity.  We  constructed  a  two-hybrid  library  from  A431 
cells  and  identified  from  it  four  distinct  cellular  proteins  that 
interacted  specifically  with  12-LOX.  They  are  human  type 
n  keratin  K5,  nuclear  envelope  protein  lamin  A,  integrin  y34 
cytoplasmic  domain,  and  human  C8FW  phosphoprotein.  The 
identification  of  these  12-LOX-interacting  proteins  may  help 
us  to  understand  the  complex  ways  in  which  12-LOX  is 
involved  in  tumor  progression  and  metastasis. 

MATERIALS  AND  METHODS 

Yeast  Strains  and  Manipulation.  Saccharomyces  cerevisiae 
yeast  strains  used  were  RFY231  (MATa  his3  ura3A  trp\A\: 
hisG  tew2::3Lexop-LEf/2)  (79)  and  RFY206  (MATa  te3A200 
leu2-3  lys2A201  ura3-52  trplA::hisG)  (21).  Yeast  were 


grown  using  standard  microbiological  techiques  and  Inedia 
(22—23).  Media  designations  are  as  follows:  YPD  is  YP 
(yeast  extract  plus  peptone)  medium  with  2%  glucose.  Mini-* 
mal  dropout  media  are  designated  by  the  component  that  is 
left  out  (e.g.,  -ura  -his  -trp  -leu  medium  lacks  uracil,  histidine, 
tryptophan,  and  leucine).  Minimal  media  contained  either 
2%  glucose  (Glu)  or  2%  galactose  plus  1%  raffinose  (Gal). 
X-Gal  minimal  dropout  plates  contained  40  mg/mL  X-Gal 
and  phosphate  buffer  at  pH  7.0.  DNA  was  introduced  into 
yeast  by  LiO Ac-mediated  transformation  as  described  (24). 

Human  A431  Cell  cDNA  Library  Construction.  RNA  was 
isolated  from  human  epidermoid  carcinoma  A431  cells,  and 
mRNA  was  purified  using  Oligo-tex  Beads  mRNA  kit 
(QIAGEN  Inc,  Valencia,  CA).  cDNA  was  synthesized  with 
die  Stratagene  cDNA  synthesis  kit,  essentially  according  to 
the  manufacturer’s  instructions.  Briefly,  poly(A)+  mRNA 
derived  from  human  epidermoid  carcinoma  A431  cells  was 
used  to  direct  the  synthesis  of  first-strand  cDNA  by  reverse 
transcriptase  with  an  Xhol-oligo  d(T)  primer.  Following 
second-strand  synthesis,  the  cDNA  was  ligated  to  an  EcoRI 
adaptor,  digested  with  Xhol,  and  subsequently  size  selected 
over  cDNA  Size  Fractionation  Colunms  from  Gibco  BRL. 
Fractions  containing  cDNAs  ranging  from  500  bp  to  >  3  kb 
in  length  were  pooled  and  subcloned  into  the  yeast  library 
plasmid  pJG4-5  (25).  The  average  insert  size  was  evaluated 
by  purifying  plasmid  DNA  from  48  random  clones  and 
digesting  with  EcoRI+XhoI.  The  size  of  each  product  was 
determined  by  gel  electrophoresis.  The  A431  cDNA  had  3.0 
X  10^  independent  clones,  and  90%  of  the  plasmids  had 
cDNA  inserts  of  0.3-3. 8  kb  (average  size,  1.2  kb).  The 
resultant  cDNA  library  contains  3.0  x  10®  primary  recom¬ 
binant  clones. 

Plasmids.  Bait  plasmids  expressing  LexA  fusion  proteins 
were  derivatives  of  the  HIS3  2  /^m  plasmid,  pEG202  (20). 
The  full-length  cDNA  encoding  human  platelet-type  12-LOX 
was  provided  by  Dr.  Colin  Funk  (University  of  Pennsylva¬ 
nia).  The  entire  coding  region  of  the  cDNA  was  amplified 
by  the  polymerase  chain  reaction  (PCR)  with  a  5'  BamHI 
site  introduced  in  the  upper  primer  (CCGGGGATCCG- 
TArGGGCCGCTACCGCATC)  and  the  lower  primer  cor¬ 
responding  to  an  Xhol  site  from  the  original  cDNA  down¬ 
stream  of  the  stop  codon  (GCCGGCGAGCTCAGTCTACCA- 
CTGTGACAA).  The  PCR  product  was  digested  with  BamHl 
and  Xhol  and  inserted  into  the  BarriHUXhol  sites  of  pEG202 
(20)  to  generate  the  bait  plasmid  pLex A- 12-LOX;  the 
plasmid  encodes  the  entire  663  amino  acid  human  platelet 
12-LOX  protein.  Additional  bait  plasmids  used  in  the 
specificity  test  are  described  elsewhere  (27,  25—26). 

Yeast  Two-Hybrid  Screen.  The  yeast  two-hybrid  proce¬ 
dures  were  conducted  as  described  (25—29).  Strain  RFY231 
containing  pSH  18-34  and  pLex A- 12-LOX  was  transformed 
with  A431  interaction  library  DNA  and  a  total  of  6.5  x  10® 
independent  colonies  were  collected.  The  selection  for 
interacting  clones  was  performed  in  media  containing 
galactose  and  lacking  leucine.  400  Leu+  yeast  colonies  were 
further  tested  for  lacZ  expression  by  plating  them  on  medium 
containing  galactose  and  X-Gal.  40  of  the  Leu+  positive 
clones  demonstrated  galactose-dependent  activation  of  both 
reporters,  suggesting  interaction  between  the  galactose- 
inducible  cDNA  protein  and  12-LOX.  Library  plasmids  from 
yeast  colonies,  expressing  the  putative  12-LOX-interacting 
proteins,  were  rescued  by  transformation  of  yeast  plasmid 
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DNA*into  KC8  E.  coli  followed  by  selection  on  minimal 
medium  lacking  tryptophan  (29).  To  determine  which  clones 
were  unique,  PCR  products  generated  with  primers  flanking 
the  cDNA  insertion  site  in  pJG4-5  (BCOl  and  BCOl,  ref  29) 
were  digested  with  Alul  and  HaeJE  and  analyzed  on  a  2% 
agarose  gel.  The  specificity  of  the  unique  interactors  was 
tested  using  the  interaction  mating  assay  as  described  (27). 
Briefly,  rescued  library  plasmids  were  introduced  into 
RFY231  and  the  transformants  were  mated  with  various 
derivatives  of  RFY206  that  each  contained  pSH18-34  and  a 
bait  plasmid  expressing  a  Lex  A  fusion.  12  library  plasmids 
encoded  proteins  that  interacted  with  the  12-LOX  bait  but 
not  unrelated  baits.  These  12  cDNAs  were  sequenced  and 
evaluated  by  the  Basic  Local  Alignment  Search  Tool 
(BLAST)  through  the  National  Center  for  Biotechnology 
Information  Internet  site  (www.ncbi.nlm.nih.gov). 

Immunoprecipitation.  Cells  were  lysed  in  a  cold  lysis 
buffer  consisting  of  1%  Triton  X-100,  150  mM  NaCl,  10 
mM  Tris,  pH  7.4,  1  mM  EDTA,  1  mM  EGTA,  pH  8.0,  0.2 
mM  sodium  ortho-vanadate,  0.2  mM  PMSF,  0.5%  NP-40, 
0.1%  SDS.  The  lysate  was  clarified  by  centrifugation  at 
lOOOOg  for  10  min.  Isolation  of  nuclear  extracts  was 
according  to  the  standard  protocol  (30),  The  supernatants 
and  soluble  nuclear  extracts  were  immunoprecipitated  with 
4—6  pL  (1—2  //g)antibody  against  human  platelet-type  12- 
LOX  or  anti-5LOX  and  anti-15-LOX  antibodies  (Oxford 
Biomedical  Research,  Oxford,  MI)  or  the  anti-keratin 
(Chemicon  International  INC.,  Temecula,  CA)  or  anti-lamin 
A  (Santa  Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA)  for  2 
h,  followed  by  40  pL  Sepharose  4B-conjugated  protein  G  at 
4  °C  overnight.  Immune  complexes  were  washed  three  times 
in  the  lysis  buffer,  and  the  pellets  were  suspended  in  SDS 
sample  buffer  for  SDS-PAGE  electrophoresis.  Aliquots  of 
total  cell  lysate  were  mixed  with  1  vol  of  SDS  sample  buffer 
(85  mM  Tris-HCl,  pH  6.8,  containing  1.4  (w/v)  SDS,  14% 
(v/v)  glycerol,  5%  (v/v)  mercaptoethanol  and  a  trace  of 
bromophenol  blue,  boiled  for  5  min  and  subjected  to  SDS- 
PAGE  on  4—20%  acrylamide  gel.  Proteins  were  electro- 
phoretically  transferred  to  nitrocellulose  membranes.  After 
transfer,  nonspecific  sites  were  blocked  with  5%  (w/v) 
nonfat-diy  milk  in  TTBS  (0.1%  Tween-20, 20  mM  Tris  base, 
137  mM  NaCl,  3.8  mM  HCl,  pH  7.6)  for  2  h  at  25  °C 
followed  by  probing  primary  antibody.  After  the  blot  was 
washed  three  times  in  TTBS,  the  membranes  were  incubated 
for  1  h  at  25  °C  with  horseradish  peroxidase-conjugated 
secondary  anti-  IgG  (dilution:  1:4500.  Amersham,  Arlington 
Heights,  IL).  The  blot  was  washed  again  in  TTBS,  then 
developed  using  ECL  according  to  the  manufacture’s  in¬ 
structions  (Amersham,  Arlington  Heights,  IL). 

Immunofluorescent  Staining,  Intracellular  12-LOX  and 
keratin  were  localized  using  a  modification  (49)  of  the 
general  immunocytochemical  methodologies  described  by 
Willingham  (50).  2  x  10^  Cells  were  grown  in  4-well  Lab- 
Tek  chamber  (Nalge  Nunc  Inti,  Naperville,  IL)  in  0.5  mL 
media  to  60—80%  confluence  and  the  media  changed  to 
serum  free  media  the  night  before  the  experiment.  Cells  were 
washed  with  PBS  3x  and  then  fixed  with  3.7%  formaldehyde 
in  phosphate-buffer  saline,  pH  7.4  for  10  min.  Fixation  and 
subsequent  steps  were  performed  at  25  °C  for  intracellular 
labeling.  After  the  sample  was  washed  with  PBS,  the  cells 
were  blocked  with  2  mg/mL  BSA  in  PBS.  All  subsequent 
antibody  and  wash  solution  contained  0.1%  saponin.  Cells 
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were  incubated  with  primary  antibody  (rabbit  anti-human  12- 
LOX,  mouse  anti-human  keratin)  for  2  h  and  washed.  In 
controls,  preimmune  serum  (rabbit  or  mouse)  was  substituted 
for  the  primary  antibody  (1:100  dilution).  Cells  were  incu¬ 
bated  in  secondary  antibody  (FITC-conjugated  AffiniPure 
Goat  anti-mouse  IgG  or  Rhodamine  Red-X-conjugated 
AffmiPure-Goat  anti-Rabbit  IgG)  and  secondary  blocking 
reagent  for  1  h.  Secondary  antibody  was  diluted  in  PBS- 
0.1%  saponin  (1:100  dilution)  and  5%  normal  goat  serum 
was  added  to  this  solution.  After  the  resultant  was  washed, 
the  coverslips  were  mounted  upside-down  on  slides  with 
SlowFade  anti-fade  reagent  and  observed  with  a  Zeiss  LSM 
310  laser  confocal  microscope. 

Transfection.  The  full-length  cDNA  encoding  human 
platelet-type  12-LOX  from  pCMV-12-LOX  (provided  by  Dr. 
Colin  Funk,  University  of  Pennsylvania)  was  cloned  into  the 
EcoBUXbal  sites  of  pcDNA3.1  (Invitrogen),  which  uses  the 
neomycin-resistance  gene  as  the  selectable  marker.  Cells 
grown  in  6- well  plates  were  transfected  with  3— 12  /<g  of 
pcDNA- 12-LOX  by  the  FuGENE  6  Transfection  Reagent 
(Boehringer  Maimheim  Co.,  Indianapolis,  IN)  following  the 
manufacture’s  instructions.  Neomycin-resistant  cells  were 
selected  in  300  pgIvaL  Geneticin  (G418;  LifeTechnologies, 
Inc.,  Grand  Island,  NY).  The  cells  were  passaged  and  tested 
by  immunoprecipitation  and  Western  Blotting  assays  for 
enhanced  12-LOX  protein  expression.  Cells  transfected  with 
vector  alone  were  selected  and  analyzed  in  parallel.  While 
in  culture,  cells  were  fed  with  a  G418-containing  medium 
to  prevent  outgrowth  of  revertant  cells.  All  of  the  cells  were 
frozen  at  early  passage  for  subsequent  study. 

RESULTS  AND  DISCUSSION 

A431  Interaction  Library.  To  identify  proteins  that  may 
interact  with  12-lipoxygenase,  we  constructed  a  yeast  two- 
hybrid  interaction  library  from  A431  cells.  This  cell  line  has 
been  widely  used  to  study  12-LOX  in  tumor  cells,  since  it 
expresses  enzymatically  active  platelet-type  12-LOX  protein, 
but  not  the  leukocyte-type  isoform  (33—35).  In  A431  cells, 
the  predominant  amount  of  12-LOX  protein  resides  in  the 
cytosol  (33,  36).  In  contrast,  12-LOX  enzyme  activity  is 
mainly  localized  in  the  membrane  fraction  (33,  37),  EGF 
(TPA,  Ca^"*")  increases  total  cellular  12-LOX  protein  and 
enhances  the  association  of  12-LOX  protein  with  perinuclear 
or  cytoplasmic  membrane  (33,  37—41).  In  addition,  EGF 
stimulates  12-LOX  activity  and  generation  of  12(S)-HETE 
from  cellular  arachidonate  (33,  36—37,  41).  These  features 
make  A431  cells  an  ideal  model  to  study  the  regulation  of 
12-LOX  activity. 

To  construct  the  cDNA  library  from  A431  cells,  we 
isolated  poly(A)+  mRNA  from  80%  confluent  cultured  A431 
cells,  used  it  to  synthesize  unidirectional  cDNA,  and  inserted 
the  cDNA  into  the  yeast  two-hybrid  vector  pJG4-5  (see 
Materials  and  Methods).  This  vector  allows  conditional 
expression  (induced  by  galactose  and  repressed  by  glucose) 
of  cDNA-encoded  proteins  with  a  transcription  activation 
domain  at  their  amino  termini.  The  resulting  library  had  3.0 
X  10^  independent  clones,  of  which  90%  had  inserts  with 
sizes  ranging  from  0.3  to  3.8  kb  (average  size  1.2  kb). 

12’-Lipoxygenase  Interacting  Proteins.  To  identify  potential 
regulators  of  12-LOX,  we  screened  the  A431  library  for 
clones  that  encoded  12-LOX-interacting  proteins  (see  Ma- 
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Figure  1 :  Specificity  of  12-LOX  interactors  in  the  yeast  two-hybrid 
assay.  Representative  plate  of  a  mating  assay  to  test  the  specificity 
of  12-LOX  interactors.  This  plate  demonstrates  the  interactions 
between  seven  bait  proteins  (horizontal  lines  of  yeast)  and  eight 
prey  proteins  (vertical  lines)  on  a  Gal/Raf  X-Gal  plate  (urp-his- 
trp-  drop  out).  The  strength  of  the  interaction  is  suggested  by  the 
level  of  activation  of  lacZ  reporter  as  indicated  by  blue  color,  as 
summaried  in  Table  1. 


Table  1:  Specific  12-LOX  Interactors^^ 


bait  panel 


clone 

sequence 

12-LOX 

biciod2 

tailess 

hairy 

cdc2 

CdiD 

1 

keratin  K5 

-I-+++ 

- 

- 

- 

— 

2 

integrin 

+++ 

- 

- 

- 

3 

C8FW 

-h4- 

— 

— 

— 

— 

9 

P4  integrin 

+++ 

- 

- 

- 

- 

10 

lamin  A 

+++ 

db 

— 

— 

12 

C8FW 

++ 

± 

— 

— 

— 

— 

15 

keratin  K5 

++++ 

- 

- 

- 

— 

— 

33 

keratin  K5 

++++ 

— 

— 

— 

— 

... 

34 

keratin  K5 

++++ 

- 

- 

— 

— 

35 

lamin  A 

+++ 

- 

- 

— 

37 

keratin  K5 

++++ 

— 

- 

- 

— 

— 

38 

keratin  K5 

++++ 

““ 

— 

— 

— 

°  Summary  of  12-LOX  interactions  with  the  panel  of  baits,  Interaction 
mating  was  performed  as  described  in  Materials  and  Methods  and 
shown  in  Figure  1.  Level  of  interaction  lac  Z  (reporter  gene  activation) 
as  determined  by  blue  color  on  X-Gal  indicator  plates:  +4'+4-  indicates 
dark  blue,  ++-I-  blue,  ++  light  blue,  +  very  light  blue,  ±  almost  white, 
and  —  white. 


terials  and  Methods).  Yeast  expressing  the  full-length  platelet 
isoform  of  12-LOX  fused  to  the  LexA  DNA-binding  domain 
were  transformed  with  the  A431  interaction  library.  From 
6.5  X  10^  yeast  transformants,  we  identified  12  independent 
clones  in  which  the  LexA-driven  reporters  were  active  only 
in  galactose,  indicating  that  they  contained  cDNA-encoded 
proteins  that  interacted  with  LexA- 12-LOX.  We  isolated  the 
library  plasmids  from  these  clones  and  determined  that  they 
represented  four  different  cDNAs.  Six  identical  clones 
encoded  the  carboxy-terminal  330  amino  acid  residues  of 
type  II  keratin  K5.  Two  clones  encoded  the  carboxy-terminal 
202  residues  of  the  nuclear  envelope  protein  lamin  A. 
Another  two  clones  encoded  the  cytoplasmic  domain  of 
integrin  ^4.  The  final  two  clones  encoded  a  phosphoprotein, 
C8IW,  with  some  similarity  to  protein  kinases.  To  further 
determine  the  specificity  of  the  four  12-LOX  interactors,  we 
conducted  a  two-hybrid  mating  assay  to  test  for  interactions 
with  LexA- 12-LOX  and  with  other  unrelated  LexA  fused 
proteins.  As  shown  in  Figure  1  and  Table  1,  all  four  clones 
interacted  specifically  with  12-LOX,  but  not  with  several 
other  proteins  including  Drosophila  cyclin  D,  Cdkl,  hairy, 
tailess,  or  bicoid. 

Human  Keratin  K5  Interacts  with  12-LOX  in  A431  Cells. 
Keratins  are  major  components  of  intermediate  filaments. 
In  epithelial  cells,  cytoskeletal  intermediate  filaments  contain 
type  I  and  type  11  keratins.  The  58  kD  K5  protein  is  essential 
for  formation  of  8-nm  intermediate  filaments,  disruption  of 
which  may  reduce  tumor  invasion  and  metastasis  {42—43). 
For  example,  disruption  of  intermediate  filaments  has  been 
shown  to  inhibit  the  expression  of  integrins  on  the  surface 
of  tumor  cells  {44\  decrease  their  interaction  with  platelets 
and  endothelial  cells  (45),  and  reduce  lung  colonization  in 


B 

WB-Abl 


IP-Ab: 


12-LOX 

keratin 


12-LOX  keratin 

A431  tx-A431  A431  tx-A431 


75  kD 


58  kD 


Figure  2:  Interaction  of  12-lipoxygenase  and  keratin  in  vitro.  (A) 
Western  blotting:  12-LOX  (upper  panel)  and  keratin  (lower  panel) 
protein  in  untransfected  A431  cells  (A431)  and  12-LOX  transfec- 
tants  (tx-A431).  Human  recombinant  platelet-type  12-LOX  was  used 
as  standard  (std).  (B)  Immunoprecipitation:  12-LOX  and  keratin 
coimmunoprecipitated  from  untransfected  A431  cells  (A431)  and 
12-LOX  transfectant  (tx-A431).  Aliquots  of  cell  lysates  from  either 
cell  type  were  immunoprecipitated  either  with  anti- 12-LOX  or  anti¬ 
keratin  5  antibodies.  After  the  samples  were  washed,  precipitated 
pellets  were  resolved  by  SDS-PAGE,  and  proteins  were  detected 
by  immunoblotting  with  anti-keratin  5  or  anti-12-LOX  antibodies. 
Positions  of  12-LOX  and  keratin  are  indicated.  The  experiment  was 
repeated  three  times.  For  each  experiment,  mouse,  or  rabbit  IgG 
and  Sepharose  4B-conjugated  protein  G  beads  alone  were  used  as 
controls. 


an  experimental  metastasis  assay  (46).  Interestingly,  treatment 
of  tumor  cells  with  a  selective  12-LOX  inhibitor  (e.g.,  BHPP; 
see  ref  47)  also  has  been  demonstrated  to  inhibit  integrin 
expression,  tumor  cell  platelet,  and  tumor  cell  endothelial 
cell  interactions  (45)  and  experimental  metastasis  in  vivo 
(49).  To  confirm  the  interaction  of  12-LOX  with  keratin  in 
human  cells,  we  conducted  immunoprecipitation  assays  and 
confocal  immunofluorescent  staining  in  A431  cells.  Mean¬ 
while,  A431  cells  were  transfected  with  a  pcDNA  3.1 
expression  construct,  containing  human  platelet-type  12- 
lipoxygenase  cDNA.  The  overexpression  of  12-LOX  in  A431 
cells  was  confirmed  by  Western  Blotting  (Figure  2A).  12- 
LOX  antibody  co-immunoprecipitated  keratin  with  12-LOX 
in  A431  cells  and  transfectants.  Similarly,  keratin  antibody 
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Figure  3:  12-LOX  colocalization  with  keratin  by  laser  cofocal  immunofluoresence  images.  Cells  were  fixed,  permeabilized,  and  incubated 
first  with  anti-12-LOX  (A)  or  anti-keratin  (B)  antibodies,  then  with  FITC-conjugated  AffiniPure  goat  anti-mouse  IgG  (A,  green)  or  Rhodamine 
Red-X-conjugated  AffiniPure  goat  anti-rabbit  IgG  (B,  red).  Merged  image  in  C  (yellow)  superimposes  image  from  the  first  two  images. 
Yellow  color  indicates  overlap  between  12-LOX  (green)  and  keratin  (red). 
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Figure  4:  Interaction  of  12-LOX  and  lamin  A  in  A431  cells  by 
immunoprecipitation  assay:  12-LOX  and  lamin  A  coimmunopre- 
cipitated  from  nuclear  extracts  of  untransfected  A431  cells.  After 
the  centrifugation  at  25000g,  the  supernatants  and  pellets  from  5 
X  10^  cells  were  designated  as  either  subcellular  fraction  of  cytosol 
or  nuclear.  The  supematnants  and  resuspended  pellets  were 
immunoprecipitated  either  with  anti- 12-LOX  or  anti-lamin  A 
antibodies.  After  the  samples  were  washed,  precipitated  pellets  were 
resolved  by  SDS-PAGE  and  proteins  were  detected  by  immuno- 
blotting  with  anti-lamin  A  or  anti-12-LOX  antibodies.  Positions  of 
12-LOX  and  lamin  A  are  indicated.  The  experiment  was  repeated 
three  times.  For  each  experiment,  mouse  or  rabbit  IgG  and 
Sepharose  4B-conjugated  protein  G  beads  alone  were  used  as 
controls. 
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co-immunoprecipitated  12-LOX  with  keratin  in  A431  cells 
and  transfectants  (Figure  2B).  We  also  co-immunoprecipi- 
tated  12-LOX  with  lamin  A  using  12-LOX  antibody  and  co- 
inununoprecipitated  lamin  A  with  12-LOX  using  lamin  A 
antibody  (Figure  4).  We  were  able  to  use  immunofluorescent 
staining  in  A431  cells  to  show  that  12-LOX  co-localized  with 
keratin  in  the  cytoplasm,  mostly  around  the  cell  nucleus 
forming  a  ring-like  structure  (in  yellow),  as  seen  in  Figure 
3.  Combined,  our  results  indicate  that  12-LOX  physically 
interacts  with  keratin  in  the  cytoplasm  and  with  lamin  A  in 
the  nucleus  of  human  tumor  cells. 

Our  findings  are  consistent  with  a  recent  report  that  12- 
LOX  activity  is  detected  predominantly  in  the  particulate 
fractions  in  murine  keratinocytes  {50).  These  particulate 
fractions  were  found  by  ultrastructural  analysis  to  contain 
mainly  insoluble  proteins  such  as  keratin  but  not  membrane 
structures  {50).  Taken  together,  these  findings  suggest  that 
human  keratin  may  be  a  novel  regulator  of  12-LOX  activity 
by  its  effect  on  12-LOX  subcellular  localization.  The 
mechanism  whereby  keratin  may  affect  the  subcellular 
localization  of  12-LOX  is  unknown.  However,  there  are 
studies  suggesting  that  intermediate  filaments  participate  in 
intracellular  trafficking  of  proteins  to  the  plasma  membrane. 
For  example,  it  has  been  demonstrated  that  intermediate 
filaments  associate  and  facilitate  the  transport  of  single 
vesicles  and  lipoprotein  droplets  in  CHO,  adipose  and 
steroidogenic  cells  (57—52).  Another  study  has  shown  that 
5-LOX  binding  to  certain  cytoskeletal  proteins  including 
a-actin  and  that  actin  may  mediate  compartmentalization  and 


translocation  of  5-LOX  in  myeloid  cells  (55).  Interestingly, 
we  recently  observed  that  the  translocation  of  12-LOX  from 
cytosol  to  membrane  upon  stimulation  in  A431  cells  was 
blocked  after  disrupting  the  keratin  component  of  intermedi¬ 
ate  filaments  (data  not  shown).  It  is  tempting  to  speculate 
that  keratin  may  be  similarly  involved  in  the  transport  of 
12-LOX  from  the  cytoplasm  to  a  membrane-bound  site. 
Hagmann  et  al.  {41)  have  demonstrated  12-LOX  activity  in 
isolated  nuclei,  and  our  laboratory  has  demonstrated  ihaX, 
upon  stimulation,  12-LOX  associates  with  membrane  struc¬ 
tures  and  that  this  association  results  in  an  increase  in  12- 
LOX  activity  {36,  41).  We  are  currently  attempting  to  further 
characterize  the  interaction  between  keratin  and  12-LOX. 

In  addition  to  keratin,  we  demonstrated  that  12-LOX 
associates  with  lamin  A,  phosphoprotein  C8FW,  and  integrin 
)84  subunit  by  yeast  two-hybrid  screen.  Like  type  n  keratin 
K5,  lamin  A  is  also  an  intermediate  filament  protein  and 
has  been  identified  as  a  component  of  the  nuclear  lamin  A, 
a  meshwork  of  intermediate  filaments  on  the  inner  surface 
of  nuclear  membranes.  The  association  of  12-LOX  with 
lamin  A  is  consistent  with  the  finding  of  12-LOX  activity 
in  isolated  nuclei,  as  mentioned  above.  Since  keratin  and 
lamin  A  both  are  components  of  cytoskeletal  intermediate 
filaments,  we  hypothesize  that  keratin  and/or  lamin  A  may 
contribute  to  the  regulated  trafficking  of  12-LOX.  As  will 
be  described  elsewhere,  we  also  have  shown  by  coimmu- 
noprecipitatioh  and  confocal  immunofluorescent  colocaliza¬ 
tion  that  the  ^4  integrin  interacts  specifically  with  12-LOX 
in  A431  and  CHO  cells  and  that  this  interaction  increases 
enzymatic  activity  of  12-LOX  with  increased  12(S)-HETE 
production  (Tang  et  al.,  unpublished  observation).  When  the 
same  experiment  was  performed  and  probed  with  antibodies 
to  5-LOX  or  1 5-LOX  no  association  between  the  /34  integrin 
and  5-LOX  or  1 5-LOX  was  observed  (data  not  shown) 
demonstrating  the  specificity  of  12-LOX  interaction  with  the 
j84  integrin.  The  ^4  integrin  is  expressed  on  carcinoma  cells 
and  is  linked  to  tumor  cell  motility  and  invasion  {54). 
Another  12-LOX  interactor  as  determined  by  yeast  two- 
hybrid  analysis  is  the  phosphoprotein  C8FW.  The  human 
full-length  has  not  been  sequenced  and  no  antibody  is 
available.  Therefore,  we  have  not  yet  verified  its  interaction 
with  12-LOX  in  human  cancer  cells.  A  similar  protein,  called 
C5FW,  has  been  cloned  from  dog  thyroid  cells  and  shares 
95%  amino  acid  identity  with  its  human  counterpart.  These 
novel  proteins  can  be  phosphorylated  after  mitogenic  stimu¬ 
lation,  and  meanwhile,  they  themselves  can  function  as  a 
kinase  (78).  It  will  be  interesting  to  further  characterize  the 
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interaction  between  12-LOX  and  these  other  proteins  and 
how  they  may  contribute  to  12-LOX  regulation. 

In  summary,  we  have  isolated  four  12-LOX  interacting 
proteins:  type  n  keratin  K5,  Lamin  A,  cytoplasmic  domain 
of  ^4  integrin,  and  phosphoprotein  C8FW.  TTius  far  we  have 
verified  that  three  of  these  (keratin,  lamin  A,  and  ^4  integrin) 
are  bona  fide  12-LOX  binding  proteins  in  human  cancer  cells. 
We  further  demonstrated  12-LOX  and  keratin  physically 
interact  and  colocalize  around  the  nuclear  membrane.  Further 
characterization  of  the  individual  interaction  between  12- 
LOX  and  each  of  these  four  proteins  will  provide  insights 
into  the  regulation  of  12-LOX  activity.  Ultimately,  a  clearer 
understanding  of  12-LOX  regulation  may  permit  therapeutic 
intervention  in  tumor  progression  and  metastasis. 
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Prostaglandin  endoperoxide  H  synthases  and  their 
arachidonate  products  have  been  implicated  in  mod¬ 
ulating  angiogenesis  during  tumor  growth  and 
chronic  inflammation.  Here  we  report  the  involve¬ 
ment  of  thromboxane  Aj,  a  downstream  metabolite  of 
prostaglandin  H  synthase,  in  angiogenesis.  A  TXAg  mi¬ 
metic,  U46619,  stimulated  endothelial  cell  migration. 
Angiogenic  basic  flbroblast  growth  factor  (bFGF)  or 
vascular  endothelial  growth  factor  (VEGF)  increased 
TXA2  synthesis  in  endothelial  cells  three-  to  fivefold. 
Inhibition  of  TXA2  synthesis  with  furegrelate  or  Cl 
reduced  HUVEC  migration  stimulated  by  VEGF  or 
bFGF.  ATXAa  receptor  antagonist,  SQ29,548,  inhibited 
VEGF-  or  bFGF-stimulated  endothelial  cell  migration. 
In  vivo,  Cl  inhibited  bFGF-induced  angiogenesis.  Fi¬ 
nally,  development  of  lung  metastasis  in  C57B1/6J 
mice  intravenously  injected  with  Lewis  lung  carci¬ 
noma  or  B16a  cells  was  significantly  inhibited  by 
thromboxane  synthase  inhibitors.  Cl  or  furegrelate 
sodium.  Our  data  demonstrate  the  involvement  of 
TXA2  in  angiogenesis  and  development  of  tumor 

metastasis.  O  2000  Academic  Press 

Key  Words:  thromboxane  A2  (TXA2);  angiogenesis;  ei- 
cosanoid;  endothelial  cell;  tumor  metastasis. 


Angiogenesis,  the  formation  of  new  capillary  blood 
vessels,  is  a  tightly  regulated  process  involving  endo¬ 
thelial  cell  proliferation,  migration,  and  tube  differen¬ 
tiation  (1).  Persistent  angiogenesis  underscores  many 
pathological  conditions  in  adults  such  as  t\unor  growth 
and  metastasis,  diabetic  retinopathy,  and  chronic  in¬ 
flammations  (2).  During  angiogenesis,  angiogenic  fac¬ 
tors  such  as  VEGF  and  bFGF  can  prompt  endothelial 

Abbreviations  used:  COX,  cyclooxygenase;  TXA2,  thromboxane  A2; 
TXBj,  thromboxane  B2;  PG,  prostaglandin;  PGI2,  prostacyclin;  Cl, 
carboxyheptal  imidazole;  bFGF,  basic  fibroblast  growth  factor; 
VEGF,  vascular  endothelial  growth  factor;  RV-ECT,  rat  vascular 
endothelial  cell-tube  forming. 


cells  to  exit  quiescence  and  undergo  various  angiogenic 
responses  such  as  proliferation,  migration,  and  sur¬ 
vival  (3).  An  understanding  of  the  signaling  mecha¬ 
nism  which  underUes  angiogenesis  is  important  since 
it  will  provide  potential  therapeutic  targets  to  inhibit 
or  enhance  angiogenesis. 

One  key  aspect  of  cellular  signaling  involves  mobili¬ 
zation  of  arachidonic  acid  and  subsequent  formation  of 
bioactive  eicosanoids  through  cyclooxygenase  (COX), 
lipoxygenase  (LOX),  or  P450  epoxygenase  pathways. 
In  a  previous  study  of  prostate  cancer,  we  found  that 
platelet-type  12-LOX  stimulated  angiogenesis  and  tu¬ 
mor  growth  (4).  In  addition  to  12-LOX,  it  has  been 
shovm  that  COX-1  and  COX-2  was  up-regulated  in 
endotheUal  and  tumor  cells  during  angiogenesis  (5,  6) 
and  that  expression  of  COX  was  associated  with  an¬ 
giogenesis  by  hmnan  gastric  endothehal  cells  (7). 
Inhibition  of  COX  activity  by  non-steroidal  anti¬ 
inflammatory  drugs  (NSAIDs)  have  been  shown  to  re¬ 
duce  angiogenesis  and  tumor  growth  (for  review,  ref. 
8).  Among  the  products  of  the  cyclooxygenase  pathway, 
PGEi  and  PGEa  are  reported  to  promote  angiogenesis 
(9-11).  In  contrast,  15-deoxy-A“''^-PGJ2,  a  product 
from  PGDa,  induces  endothelial  cell  apoptosis  by  acti¬ 
vation  of  PPARy  (12)  £md  inhibits  angiogenesis  (13).  It 
seems,  therefore,  that  the  actual  profile  of  the  down¬ 
stream  COX  metabolites,  rather  than  the  level  of  COX 
protein  or  activity,  is  more  relevemt  in  angiogenesis 
regulation. 

The  purpose  of  the  present  study  is  to  examine  the 
possible  involvement  of  the  downstream  eicosanoid 
products  of  the  COX  pathway  in  angiogenesis.  Here  we 
report  that  TXA2,  an  eicosanoid  metabolite  from  the 
sequential  activities  of  COX  and  thromboxane  syn¬ 
thase,  is  an  important  mediator  for  angiogenesis.  A 
TXA2  mimetic,  U46619,  stimulated  endothelial  cell  mi¬ 
gration  while  a  TXA2  receptor  antagonist,  SQ29,548, 
inhibited  endothehal  cell  migration  in  response  to 
VEGF  or  bFGF.  We  also  present  evidence  that  inhibi- 
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tion  of  TXA2  biosynthesis  reduced  VEGF-  or  bFGF- 
stimulated  endothelial  cell  migration  in  vitro  and 
bFGF-induced  angiogenesis  in  vivo.  Our  data  suggest  a 
functional  role  for  TXA2  in  angiogenesis  and  also  im¬ 
plicate  the  modulation  of  TXA2  production  or  function 
as  a  potential  therapeutic  target  for  diverse  diseases  in 
which  vascular  endothelial  cells  play  an  important 
role. 

MATERIALS  AND  METHODS 

Materials.  Prostaglandin  E2,  PGF2„,  carbacyclin,  arachidonic 
acid,  and  SQ29,548  were  purchased  from  Cayman  Chemical  Co. 
(Ann  Arbor,  MI).  U46619,  carboxyheptal  imidazole  (Cl),  furegrelate 
sodium  were  purchased  from  Biomol  (Plymouth  Meeting,  PA).  Re¬ 
combinant  human  VEGF-A  was  purchased  from  R&D  (Minneapolis, 
MN).  Recombinant  human  bFGF  was  purchased  from  Sigma  (St. 
Louis,  MO). 

Endothelial  cell  culture.  The  cord-forming  angiogenic  endothelial 
cell  line  established  from  rat  brain  resistance  vessels,  RV-ECT,  was 
obtained  from  Dr.  Clement  Diglio  at  the  Department  of  Pathology, 
Wayne  State  University  (Detroit,  MI).  RV-ECT  cells  were  cultured  in 
DMEM  with  10%  FBS.  Human  umbilical  vein  endothelial  cells 
(HUVEC)  and  human  dermal  microvascular  endothelial  cells 
(HMVEC)  were  purchased  from  Clonetics  (San  Diego,  CA)  and  mul¬ 
tiplied  in  EGM-2  and  used  between  passage  4  to  10. 

Immunohlot  analysis  of  thromboxane  synthase  expression.  Semi¬ 
confluent  confluent  (70-80%)  HUVEC,  HMVEC,  or  RV-ECT  endo¬ 
thelial  cells  were  rinsed  with  ice-cold  PBS,  scraped  into  lysis  buffer 
containing  20  mM  Tris-HCl,  pH  7.5, 2  mM  EDTA,  0.5  mM  EGTA,  0.5 
mM  PMSF,  0.5  mM  leupeptin,  0.15  mM  pepstatin  A,  1  mM  dithio- 
threitol  and  1%  NP-40.  Protein  concentration  was  measured  using 
BCA  protein  assay  kit  (Pierce,  Rockford,  IL).  Seventy-five  micro- 
grams  of  protein  from  each  samples  were  loaded  into  a  minigel  for 
electrophoresis  separation.  The  proteins  in  the  gel  were  then  trans¬ 
ferred  onto  a  PVDF  membrane  and  processed  for  immunodetection 
using  a  thromboxane  synthase  polyclonal  antibody  (Cayman  Chem¬ 
ical  Co.,  Ann  Arbor,  MI).  Horseradish  peroxidase  conjugated  goat 
anti-rabbit  IgG  antibodies  and  enhanced  chemiluminescent  (ECL) 
reagent  was  purchased  from  Amersham  (Arlington  Heights,  IL). 

Thromboxane  A2  production.  RV-ECT  cells  were  grown  to  80- 
90%  confluency  in  DMEM  supplemented  with  10%  FBS  and  then 
serum  starved  overnight  in  serum-free  DMEM.  Fresh  serum-free 
DMEM  with  1  pM  arachidonic  acid  was  added  one  hour  prior  to 
VEGF  or  bFGF  treatment.  Thromboxane  synthase  inhibitor  Cl  was 
added  to  a  final  concentration  of  20  pM  15  min  prior  to  VEGF  or 
bFGF  treatment.  Recombinant  human  VEGF  or  bFGF  was  added  in 
a  final  concentration  of  10  ng/ml.  After  20  min  of  treatment,  cells 
were  washed  in  PBS  once  and  harvested  using  cell  scrapers.  After 
centrifugation,  the  cell  pellets  were  resuspended  in  ice-cold  100% 
ethanol  and  sonicated.  An  aliquot  was  saved  for  determination  of 
protein  level.  The  samples  were  purified  using  BAKERBOND  spe 
Octadecyl  (C18)  columns  (J.T.  Baker,  Phillipsburg,  NJ)  and  TXB2 
levels  were  measured  using  EIA  kit  as  per  the  manufacturer's  in¬ 
struction  (Cayman  Chemical,  Ann  Arbor,  MI).  Experiments  were 
performed  using  two  different  types  of  endothelial  cells,  RV-ECT  and 
HUVEC. 

Endothelial  cell  migration  assay.  Endothelial  cell  migration  as¬ 
say  was  conducted  using  modified  Boyden  Chamber  essentially  as 
previously  described  (4).  HUVE  cells  were  harvested  and  resus¬ 
pended  in  EBM-2  with  2%  FBS  at  density  of  5  X  10®  cells  per  ml. 
Cells  (0.5  ml)  were  placed  in  the  upper  chamber  and  migration  was 
initiated  by  placing  1  ml  of  same  media  containing  various  treat¬ 
ments  in  the  bottom  chamber.  After  12-18  h,  the  cells  on  the  upper 


side  of  the  membrane  were  removed  by  cotton  swab  and  the  mem? 
brane  was  cut  out,  fixed,  stained,  and  mounted  in  Permount.  Cells 
migrated  were  enumerated  in  a  double  blind  approach.  For  stimula¬ 
tion  of  endothelial  cell  migration,  usually  VEGF  (10  ng/ml)  or  bFGF 
(10  ng/ml)  was  placed  in  the  lower  chamber.  The  concentrations  of 
test  compounds  were  described  in  text.  For  each  treatment,  at  least 
three  chambers  were  used  unless  otherwise  indicated. 

Wound  healing  assay.  A  confluent  monolayer  of  HUVE  cell  cul¬ 
ture  was  wounded  with  a  pipet  tip  and  the  media  changed  to  EBM-2 
with  2%  FBS.  For  treatment,  VEGF  or  bFGF  was  added  at  the  final 
concentration  of  10  ng/ml.  SQ29,548  was  added  to  the  final  concen¬ 
tration  of  4  pM.  The  closure  of  the  wound  was  monitored  and  re¬ 
corded  every  6  h. 

Matrigel  implantation  assay  for  angiogenesis.  The  Matrigel  im¬ 
plantation  assay  was  performed  as  described  by  Ito  et  al.  (14)  with 
the  following  modifications.  An  aliquot  (0.4  ml)  of  Matrigel  (Becton 
Dickinson,  Bedford,  MA)  alone  or  with  test  additives  was  injected  s.c. 
into  nude  mice  (4  mice/group).  Mice  were  sacrificed  5  days  after 
injection  and  dissected  to  expose  the  implants  for  recording  using  an 
SP  SZ-4060  stereomicroscope  (Olympus  America,  Melville,  NY).  The 
amoimt  of  blood  retained  in  the  Matrigel  was  further  assessed  by 
measuring  the  hemoglobin  levels  using  Drabkin’s  reagent  (Sigma 
Diagnostics,  St.  Louis,  MO). 

Tumor  cell  lines,  in  vivo  maintenance,  and  isolation  of  cell  sub¬ 
populations.  The  B16  eimelanotic  melanoma  and  Lewis  lung  carci¬ 
noma,  were  originally  obtained  from  the  Division  of  Cancer  Treat¬ 
ment,  National  Institutes  of  Health  (Frederick,  MD),  and  passaged 
in  male  C57BL/6J  S3mgeneic  mice  (15).  Monodispersed  cells  were 
prepared  by  enzymatic  (collagenase)  dispersion,  and  cell  populations 
were  isolated  by  centrifugal  elutriation  (16).  Isolated  cells  typically 
consisted  of  100%  dispersed  cells,  >95%  tumor  cells,  with  90-95% 
viability,  and  no  detectable  cellular  debris  (17). 

Experimental  metastasis  assay.  Elutriated  cells  were  re-sus¬ 
pended  in  MEM  at  7.5  X  10®  cells/ml,  and  maintained  at  4®C.  Five  to 
10  min  prior  to  injection,  the  cell  suspension  was  warmed  to  25®C. 
Cells  (3.75  X  10'*)  were  injected  into  the  lateral  tail  vein  of  unanes¬ 
thetized  C57BL/6J  male  mice  (8—9  weeks  old).  A  mininmnn  of  12 
animals  were  used  per  experimental  group.  Three  days  post  injec¬ 
tion,  when  all  cells  had  cleared  the  vasculature  as  previously  de¬ 
scribed  (18,  19),  animals  were  administered  thromboxane  synthase 
inhibitors  (p.o.)  daily  for  18  days,  after  which  they  were  sacrificed  by 
cervical  dislocation.  Limgs  were  removed  and  fixed  for  ininiTnnTn  of 
24  h  in  Bouin’s  fixative,  and  visible  tumor  colonies  were  enumerated 
as  described  previously  (20).  In  vivo  experiments  with  the  B16A  cells 
were  repeated  three  times  and  with  3LL  subpopulations,  four  times 
with  reproducible  results. 

RESULTS 

Stimulation  of  Endothelial  Cell  Migration  by  TXA2 
Receptor  Agonist  U46619 

It  has  been  shown  in  a  number  of  studies  that  COX-1 
and  COX-2  were  up-regulated  in  both  endothelial  and 
tumor  cells  during  angiogenesis  (5, 6).  In  addition,  both 
COX-1  and  COX-2  inhibitors  are  reported  to  inhibit 
angiogenesis  (5-7).  Since  the  immediate  product  of 
COX-1  and  COX-2  activities,  PGH2,  is  used  as  sub¬ 
strate  for  the  biosynthesis  of  PGE2,  PGFsa,  PGI2,  TXA2, 
and  other  eicosanoids  by  downstream  enzjunes,  we  ex¬ 
amined  the  effects  of  these  eicosanoids  from  the  COX 
pathway  on  endothelial  cell  migration.  As  shown  in 
Fig.  1,  at  300  nM,  PGE2  and  PGF2a  had  no  significant 
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FIG.  1.  Modulation  of  endothelial  cell  migration  by  major  prod¬ 
ucts  of  the  COX  pathway.  Endothelial  cell  migration  assay  was 
conducted  using  modified  Boyden  Chamber.  HUVE  cells  were  har¬ 
vested  and  resuspended  in  EBM-2  with  2%  FBS  at  density  of  5  X  10® 
cells/ml.  Cells  (0.5  ml)  were  placed  in  the  upper  chamber  and  migra¬ 
tion  was  initiated  by  placing  1  ml  of  same  media  containing  various 
treatments  in  the  bottom  chamber.  After  12  h,  the  ceUs  on  the  upper 
side  of  the  membrane  were  removed  by  cotton  swab  and  the  mem¬ 
brane  was  cut  out,  fixed,  stained,  and  mounted  in  Permount.  Cells 
migrated  were  enumerated  in  a  double  blind  approach.  The  concen¬ 
trations  of  all  testing  compounds  were  300  nM.  Columns,  average 
cell  migration  as  compared  to  the  basal  control;  bars,  SE.  a,  P  = 
0.002;  b,  P  =  0.001  (Student’s  t  test). 


effect  on  HUVEG  migration.  At  the  same  concentra¬ 
tion,  carbacyclin,  a  PGI2  stable  analog  inhibited  cell 
migration  while  1146619,  a  TXA2  receptor  agonist,  sig¬ 
nificantly  stimulated  HUVEG  migration  by  —20%  (P  < 
0.01).  The  optimal  dose  for  stimulation  of  endothelial 
cell  migration  by  U46619  is  approximately  300  nM.  An 
increase  in  U46619  concentration  to  3  /uiM  or  30  /xM 
was  found  to  inhibit  rather  stimulate  endothelial  cell 
migration  (data  not  shown),  suggesting  a  biphasic  re¬ 
sponse  of  the  TXA2  receptor,  possibly  due  to  receptor 
desensitization.  The  study  suggests  TXA2  as  a  poten¬ 
tial  mediator  of  GOX  in  the  regulation  of  angiogenesis. 

Stimulation  of  TXA2  Production  in  Endothelial  Cells 
by  VEGF  and  hFGF  and  Its  Involvement 
in  Endothelial  Cell  Migration 

When  stimulated  with  xenoactive  antibodies  and 
complement,  endothelial  cells  can  release  TXA2  (21), 
suggesting  the  presence  of  thromboxane  synthase  in 
endothelial  cells.  To  further  confirm  the  expression  of 
thromboxane  synthase,  we  analyzed  its  expression  in 
HUVE  and  HMVE  cells  by  immunoblot  analysis.  As 
shown  in  Fig.  2A,  both  HMVE  and  HUVE  cells  express 
thromboxane  synthase.  In  addition  to  endothelial  cells 
of  human  origin,  we  also  found  that  RV-EGT  cells,  an 
endothelial  cell  line  originated  from  rat  brain,  express 
thromboxane  synthase  (data  not  shown). 


To  examine  whether  there  is  an  increase  in  TXA2 
output  during  angiogenesis,  we  treated  RV-EGT  endo¬ 
thelial  cells  with  bFGF  or  VEGF  and  measured  the 
level  of  TXB2,  which  is  the  stable  product  of  TXA2  after 
its  rapid  inactivation.  As  shown  in  Fig.  2B,  when  en¬ 
dothelial  cells  were  treated  by  VEGF,  the  production  of 
TXA2  was  increased  by  3-  to  4-fold.  Pretreatment  with 
a  thromboxane  synthase  inhibitor,  GI  (20  jxM),  signif¬ 
icantly  reduced  the  TXA2  bios5nithesis.  A  similar  in¬ 
crease  in  TXA2  synthesis  also  was  observed  in  RV-EGT 
cells  when  treated  with  bFGF  (2.5-fold).  We  also  stud¬ 
ied  the  effect  of  VEGF  or  bFGF  treatment  on  TXA2 
biosynthesis  in  HUVE  cells  and  found  that  20  min  of 
VEGF  or  bFGF  treatment  increase  the  level  of  TXA2 
levels  by  4.5-  and  4.9-fold,  respectively. 

Next  we  examined  the  role  of  the  increased  s3nithesis 
of  TXA2  in  VEGF-  or  bFGF-stimulated  endothelial  cell 
migration.  As  shown  in  Fig.  2G,  both  thromboxane 
S5nithase  inhibitors,  GI  or  furegrelate  sodium,  reduced 


FIG.  2.  Expression  of  thromboxane  synthase,  TXAg  biosynthesis, 
and  endothelial  cell  migration.  (A)  Western  blot  analysis  of  throm¬ 
boxane  synthase  expression  in  various  endothelial  cells.  Platelet 
lysates  were  used  as  the  positive  control.  (B)  Stimulation  of  TXA2 
biosynthesis  by  bFGF  and  VEGF.  TXA2  synthesis  was  measured  by 
the  levels  of  TXBa  in  RV-ECT  endothelial  cells  after  bFGF  or  VEGF 
treatment  as  described  under  Materials  and  Methods.  A  represen¬ 
tative  from  three  independent  experiments  is  shown.  Columns,  av¬ 
erage  level  of  TXB2  from  triplicate  samples;  bars,  SE.  a,  P  <  0.01 
when  compared  to  the  control;  b,  P  <  0.01  when  compared  to 
VEGF-treated  group  (Student’s  t  test).  (C)  inhibition  of  VEGF-  or 
bFGF-stimulated  endothelial  cell  migration  by  thromboxane  syn¬ 
thase  inhibitors.  VEGF-  or  bFGF-stimulated  endothelial  cell  migra¬ 
tion  assay  was  conducted  as  described  under  Materials  and  Methods. 
Columns,  average  cell  migration  as  compared  to  the  basal  control; 
bars,  SE.  a,  P  <  0.05;  b,  P  <  0.01  when  compared  to  their  respective 
control  (within  VEGF-  or  bFGF-treated  group)  (Student’s  t  test). 
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endothelial  cell  migration  stimulated  by  VEGF  or 
bFGF,  suggesting  that  the  increased  TXAg  production 
is  involved  for  VEGF-  or  bFGF-stimulated  endothelial 
cell  migration. 

Inhibition  of  Endothelial  Cell  Migration  by  a  TXA2 

Antagonist,  SQ29,548 

TXA2  is  S3mthesized  within  cells  and  exported  imme¬ 
diately  to  the  extracellular  miliu.  To  study  whether 
endogenously  synthesized  TXA2  can  stimulate  endo¬ 
thelial  cell  migration  in  an  autocrine  manner,  we  next 
examined  the  effect  of  a  TXA2  receptor  antagonist, 
SQ29,548  (22),  on  VEGF-  or  bFGF-stimulated  wound 
healing  of  HUVEC  monolayers,  a  process  involving  cell 
migration  and  proliferation.  As  shown  in  Fig.  3A, 
SQ29,548  inhibited  VEGF-  or  bFGF-stimulated  wound 
closure.  SQ29,548  also  attenuated  endothelial  cell  mi¬ 
gration  stimulated  by  VEGF  or  bFGF  (Fig.  3B).  The 
data  suggest  that  the  involvement  of  TXA2  in  VEGF-  or 
bFGF-stimulated  endothelial  cell  migration,  as  de¬ 
scribed  above,  requires  the  activation  of  the  TXA2  re¬ 
ceptor  since  SQ29,548  functions  as  an  antagonist  of  the 
TXA2  receptor. 

Inhibition  of  Angiogenesis  in  Vivo  by  Thromboxane 

Synthase  Inhibitor 

The  Matrigel  implantation  assay  was  used  to  study 
whether  inhibition  of  TXAg  S3mthesis  compromises  an¬ 
giogenesis  in  vivo.  As  shown  in  the  left  panel  of  Fig.  4A, 
bFGF  stimulated  angiogenesis  as  evidenced  by  the 
penetration  of  blood  vessels  into  and  the  accumulation 
of  blood  within  the  Matrigel  plugs.  Inclusion  of  Cl  in 
the  gels  significantly  reduced  angiogenesis  (Fig.  4A, 
right  panel)  and  reduced  the  accumulation  of  hemoglo¬ 
bin  in  the  Matrigel  plug  (Fig.  4B),  suggesting  that 
inhibition  of  thromboxane  synthesis  compromised  an¬ 
giogenesis  in  vivo. 

Inhibition  of  Tumor  Metastasis  by  Thromboxane 

Synthase  Inhibitors 

Angiogenesis  is  required  for  the  growth  of  any  solid 
tumors  including  primary  txmior  and  tumor  metastasis 
(2).  In  order  to  demonstrate  whether  inhibition  of  TXA2 
biosynthesis  can  block  the  development  of  metastasis, 
we  injected  (tail  vein)  elutriated  B16a  or  3LL  cells  into 
C57B1/6J  mice  and  initiated  oral  administration  with 
thromboxane  synthase  inhibitors  three  days  post  injec¬ 
tion.  As  shown  in  Figs.  5A  and  5B,  oral  administration 
of  Cl  significantly  reduced  the  number  and  the  size  of 
lung  metastasis  from  B16a  cells.  Similar  results  were 
obtained  with  another  thromboxane  synthase  inhibi¬ 
tor,  fiiregrelate  sodium.  Both  thromboxane  synthase 
inhibitors  also  significantly  inhibited  the  formation  of 
lung  metastasis  from  3LL  cells  (Fig.  5B).  Taken  to¬ 


FIG.  3.  Inhibition  of  VEGF-  or  bFGF-stimulated  endothelial  cell 
migration  by  SQ29,548,  a  TXA2  receptor  antagonist.  (A)  Effect  of 
SQ29,548  on  HUVEC  monolayer  wound  healing.  HUVEC  culture 
monolayer  was  wounded  with  a  pipet  tip  and  changed  into  EBM-2 
with  2%  FBS.  VEGF  or  bFGF  was  added  at  the  final  concentration  of 
10  ng/ml.  SQ29,548  was  added  in  the  final  concentration  of  4  /xM. 
Representatives  from  each  group  36  hours  after  treatment  are 
shown.  (B)  Inhibition  of  VEGF-  or  bFGF-stimulated  endothelial  cell 
migration  by  SQ29,548.  The  VEGF-  or  bFGF-stimulated  endothelial 
cell  migration  assay  was  conducted  as  described  under  Materials  and 
Methods.  The  concentration  of  SQ29,548  was  4  /xM.  Columns,  aver¬ 
age  cell  migration  as  compared  to  the  basal  control;  bars,  SE.  a,  P  < 
0.05  when  compared  to  their  respective  controls  (Student’s  t  test). 

gether,  the  data  suggest  that  thromboxane  synthase 
activity  is  required  for  development  of  tumor  metasta¬ 
sis  and  that  anti-angiogenic  thromboxane  synthase  in¬ 
hibitors  are  potential  anti-metastatic  agents. 
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DISCUSSION 

In  the  present  study,  oiir  data  demonstrate  that 
(i)  among  various  major  eicosanoid  products  from 
COX  activity,  the  TXA2  mimetic  U46619  stimu¬ 
lates,  while  the  PGI2  analog  carbacyclin  reduces,  endo¬ 
thelial  cell  migration,  (ii)  biosynthesis  of  TXA2  is 
stimulated  by  bFGF  or  VEGF  in  endothelial  cells,  (iii) 
inhibition  of  endogenous  TXA2  synthesis  reduced 
VEGF-  or  bFGF-stimulated  endothelial  cell  migration, 

(iv)  blocking  TXA2  function  by  SQ29,548  decreased 
VEGF-  or  bFGF-stimulated  endothelial  cell  migration, 

(v)  inhibition  of  thromboxane  synthase  activity  by  Cl 
reduced  bFGF-stimulated  angiogenesis  in  vivo,  and 

(vi)  inhibition  of  thromboxane  synthase  activity  by  Cl 
or  furegrelate  sodium  reduced  the  development  of 
experimental  pulmonary  metastasis  from  B16a  or 
3LL  cells. 

TXA2  is  a  potent  stimulator  of  platelet  aggregation 
and  smooth  muscle  constriction  and  is  regarded  as  a 
mediator  of  myocardial  infarction,  atherosclerosis,  and 
bronchial  asthma  (23).  It  is  the  main  product  of  ara- 
chidonic  acid  metabolism  via  the  COX  pathway  in 
platelets.  The  pro-angiogenic  function  of  TXA2  impli¬ 
cates  the  possible  involvement  of  platelets  in  angiogen¬ 
esis  during  tumor  growth  and  metastasis.  Indeed, 
platelets  are  intimately  involved  in  tumor  angiogenesis 
(24,  25)  and  platelet  aggregation  stimulates  the  release 
of  "^CIF  (26).  Clinically,  30-60%  of  advanced  cancer 
patients  possess  platelet  abnormalities,  such  as  throm- 
boc5rtosis  and  many  other  thromboembolic  disorders. 
Also,  activated  platelets  have  been  frequently  associ¬ 
ated  with  many  malignant  tumors  (27).  Pharmacolog¬ 
ically,  many  anti-platelet  agents,  including  thrombox¬ 
ane  synthase  inhibitors,  have  been  shown  to  possess 
anti-metastatic  effects  (28).  These  original  observa¬ 
tions  were  believed  to  be  due  to  the  effect  of  throm¬ 
boxane  synthase  inhibitors/receptor  antagonists  on 
platelet  TXA2  production.  In  the  present  study,  throm¬ 
boxane  synthase  inhibitors  were  administered  3  days 
post  injection.  This  time  interval  between  injection  and 
treatment  was  chosen  because  of  previous  studies  from 
our  laboratory,  which  demonstrated  that  intrave¬ 
nously  injected  tumor  cells  attach  to  the  endothelium, 
induce  endothelial  cell  retraction,  and  extravasate 
from  the  vasculature  into  the  lung  parenchymal  tis¬ 
sues  within  24  hours  post  injection  (18, 19).  Therefore, 
any  effect  observed  with  these  inhibitors  could  not  be 
explained  by  inhibition  of  tumor/platelet/endothelial 
cell  interactions  or  tumor  cell  extravasation.  The  inhi¬ 
bition  of  development  of  metastasis  in  the  experiments 
presented  here  suggests  that  the  thromboxane  syn¬ 
thase  inhibitors  affected  the  ability  of  tumor  cells  to 
grow  at  the  site  of  distant  metastasis.  One  possible 
explanation  could  be  a  reduction  in  angiogenesis  due  to 
an  inhibition  of  endothelial  cell  TXA2  synthase. 


Although  it  is  generally  accepted  that  TXA2  is 
mainly  produced  by  platelets,  TXA2  can  also  be  synthe¬ 
sized  by  numerous  cells  in  response  to  various  physio¬ 
logical  and  pathological  stimuli  (23,  29).  Synthesized 
TXA2  is  rapidly  secreted  from  cells  and  acts  as  a  local 
hormone  in  the  immediate  vicinity  of  its  site  of  produc¬ 
tion.  The  human  TXA2  receptor  (TP)  is  a  typical 
G-protein  coupled  receptor  with  seven  transmembrane 
segments  (30).  Activation  of  TP  by  TXA2,  or  more  sta¬ 
ble  S3mthetic  agonists,  evokes  the  activation  of  phos¬ 
pholipase  C  and  a  subsequent  rise  in  the  intracellular 
calcium  ion  concentration.  Depending  on  cell  type,  TP 
activation  will  result  in  platelet  aggregation  (31),  con¬ 
traction  of  vascular  smooth  muscle  cells  (32)  or  release 
of  prostacyclin  from  endothelial  cells  (33). 

In  this  study,  we  found  that  putative  angiogenic 
factors  such  as  VEGF  or  bFGF  can  increase  TXA2 
biossmthesis  in  endothelial  cells  and  the  increased 
TXA2  biosynthesis  mediates  the  stimulation  of  endo¬ 
thelial  cell  migration  by  VEGF  or  bFGF.  The  newly 
synthesized  TXA2  probably  acts  through  its  G  protein- 
coupled  receptor  to  modulate  endothelial  cell  migra¬ 
tion,  since  a  TXA2  receptor  antagonist,  SQ29,548,  de¬ 
creases  VEGF-  or  bFGF-stimulated  endothelial  cell 
migration.  The  results  suggest  the  activation  of  TXA2 
receptor  is  required  for  full  stimulation  of  endothelial 
cell  migration  by  VEGF  or  bFGF.  However,  it  should  be 
noted  that  neither  thromboxane  synthase  inhibitors 
nor  SQ29,548  are  able  to  completely  abolish  the  stim¬ 
ulation  of  endothelial  cell  migration  by  VEGF  or  bFGF, 
suggesting  that  VEGF  or  bFGF  can  activate  multiple 
pathways,  including  TXA2,  to  effect  endothelial  cell 
motility. 

When  included  in  bFGF-containing  Matrigel  im¬ 
plants,  thromboxane  synthase  inhibitor  Cl  inhibited 
bFGF-induced  angiogenesis  in  vivo.  Since  Cl  can  in¬ 
hibit  thromboxane  synthase  activity  in  proximal 
smooth  muscle  cells  and  platelets,  as  well  as  in  endo¬ 
thelial  cells,  the  exact  contribution  of  TXA2  synthe¬ 
sized  by  endothelial  cells  in  angiogenesis  remains  to  be 
defined.  Nevertheless,  the  observed  anti-angiogenic  ac¬ 
tivity  of  a  thromboxane  synthase  inhibitor,  along  with 
the  recent  observation  that  the  TXA2  receptor  antago¬ 
nist  SQ29,548  inhibited  comeal  angiogenesis  (34),  sug¬ 
gests  TXA2  is  an  important  factor  in  bFGF-induced 
angiogenesis  in  vivo. 

It  should  be  noted  that  although  TXAj  is  involved  in 
angiogenesis,  we  did  not  find  that  the  activation  of 
TXA2  receptor  by  U46619  alone  leads  to  de  novo  angio¬ 
genesis  (Nie  et  al.,  unpublished  observation),  suggest¬ 
ing  TXA2  must  act  in  concert  with  other  factors  to 
promote  angiogenesis.  Indeed,  angiogenesis  is  a  com¬ 
plex  process  which  involves  extensive  interplay  be¬ 
tween  cell,  extracellular  matrix,  and  a  plethora  of  an¬ 
giogenic  factors  such  as  bFGF,  VEGF,  and  angiogenin. 
For  example,  bFGF  is  a  stronger  endothelial  cell  mito- 
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FIG.  4.  Inhibition  of  bFGF-induced  angiogenesis  in  vivo  by  a 
thromboxane  synthase  inhibitor.  Cl.  Matrigel  implantation  assay  for 
angiogenesis  was  conducted  as  described  under  Materials  and  Meth¬ 
ods.  (A)  Matrigel  implantation  angiogenesis  assay.  Left  panel;  bFGF 
(5  /ig/ml  of  Matrigel)  in  situ;  Right  panel;  bPGF  plus  Cl  (2.5  mg/ml  of 
Matrigel)  in  situ.  (B)  Hemoglobin  levels  in  resected  implants.  The 
hemoglobin  was  measured  by  Drabkin’s  reagent.  Columns,  average 
hemoglobin  levels  (AU);  bars,  SE  from  quadruplicate  samples,  a,  P  < 
0.05  when  compared  to  the  control;  b,  P  <  0.05  when  compared  to 
the  bFGP-treated  group. 


gen  than  VEGF  while  VEGF  is  stronger  chemotactic 
stimulant  than  bFGF  (35).  For  bFGF  to  induce  angio¬ 
genesis,  it  stimulates  VEGF  expression  in  endothelial 
cells  and  together  with  VEGF,  induces  angiogenesis 
(36).  Neutralization  of  VEGF  function  can  block  bFGF- 
induced  angiogenesis,  suggesting  that  different  angio¬ 
genic  factors  must  work  together  to  induce  angiogenesis 
(36).  Currently,  we  are  actively  ejqjloring  the  possible 
additive  or  synergistic  interaction  between  TXA2  and 
other  angiogenic  factors  during  angiogenesis. 

In  summary,  here  we  identified  TXA2  as  an  impor¬ 
tant  factor  in  angiogenesis.  Modulation  of  the  function 
of  this  eicosanoid  presents  a  means  to  control  angio¬ 


genesis  in  various  diseases  in  which  vascular  endothe? 
lial  cells  play  a  prominent  role.  The  identification  of 
another  lipid  which  regulates  angiogenesis,  in  addition 
to  12(S)-HETE  as  described  in  our  previous  study  of 
prostate  cemcer  (4),  provide  a  new  paradigm  that,  in 
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FIG.  5.  Inhibition  of  development  of  experimental  metastasis  by 
thromboxane  synthase  inhibitor.  Experimental  metastasis  study 
was  conducted  by  injecting  mice  with  3.75  X  10^  elutriated  B16a  or 
3LL  cells.  Daily  oral  administration  of  Cl  was  initiated  3  days  post 
injection  with  the  dose  of  4  mg/kg  mouse  weight.  After  18  days  of 
treatment,  mice  were  sacrificed  and  the  number  of  metastatic  lesions 
on  lung  surface  was  assessed  as  described  under  Materials  and 
Methods.  (A)  Gross  morphology  of  resected  mouse  limgs  21  days  after 
tail  vein  injection  of  B  16a  cells.  Left,  a  typical  mouse  lung  in  control 
group;  right,  a  representative  lung  from  the  mice  treated  with  Cl  for 
18  days.  (B)  reduction  of  the  formation  of  metastatic  lesions  by  CL 
Columns,  average  number  of  metastatic  lesions  per  mouse  lung 
(bilateral);  Bars,  S.E.  from  12  samples,  a  and  b,  P  <  0.05  when 
compared  to  their  respective  control. 
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addition  to  proteinaceous  factors,  angiogenesis  is  fur¬ 
ther  regulated  by  small  bioactive  lipids  such  as  12(S)- 
HETE  and  TXAj.  Manipulation  of  the  function  or  bio¬ 
synthesis  of  these  pro-angiogenic  bioactive  lipids 
provides  a  novel  approach  for  development  of  anti¬ 
angiogenesis  therapy  for  many  diseases  including 
cancer. 
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Eicosanoid  regulation  of  angiogenesis:  role  of  endothelial  arachidonate 
12-lipoxygenase 

Daotal  NIe,  Keqin  Tang,  Clement  Diglio,  and  Kenneth  V.  Honn 


Angiogenesis,  the  formation  of  new  capil¬ 
laries  from  preexisting  blood  vessels,  is  a 
multistep,  highly  orchestrated  process 
Involving  vessel  sprouting,  endothelial 
cell  migration,  proliferation,  tube  differen¬ 
tiation,  and  survival.  Elcosanolds,  arachl- 
donlc  acid  (AA)-derlved  metabolites,  have 
potent  biologic  activities  on  vascular 
endothelial  cells.  Endothelial  cells  can 
synthesize  various  elcosanolds,  includ¬ 
ing  the  12-lipoxygenase  (L.OX)  product 
12(S)-hydroxyeicosatetraenolc  acid  (HETE). 
Here  we  demonstrate  that  endogenous 
12-LOX  Is  involved  in  endothelial  cell 
angiogenic  responses.  First,  the  12-LOX 

Introduction _ 


inhibitor,  N-benzyl-N-hydroxy-5-phenyl- 
pentanamide  (BHPP),  reduced  endothe¬ 
lial  cell  proliferation  stimulated  either  by 
basic  fibroblast  growth  factor  (bFGF)  or 
by  vascular  endothelial  growth  factor 
(VEGF).  Second,  12-LOX  Inhibitors  blocked 
VEGF-Induced  endothelial  cell  migration, 
and  this  blockage  could  be  partially 
reversed  by  the  addition  of  12(S)-HETE. 
Third,  pretreatment  of  an  angiogenic 
endothelial  cell  line,  RV-ECT,  with  BHPP 
significantly  Inhibited  the  formation  of 
tubelike/cordllke  structures  within  Matrl- 
gei.  Fourth,  overexpression  of  12-LOX  in 
the  CD4  endothelial  cell  line  significantly 


stimulated  cell  migration  and  tube  differ¬ 
entiation.  In  agreement  with  the  critical 
role  of  12-LOX  In  endothelial  cell  angiogenic 
responses  in  vitro,  the  12-LOX  Inhibitor 
BHPP  significantly  reduced  bFGF-ln- 
duced  angiogenesis  in  vivo  using  a 
Matrigei  implantation  bloassay.  These 
findings  demonstrate  that  AA  metabolism 
In  endothelial  cells,  especially  the  12-LOX 
pathway,  plays  a  critical  role  In  angiogen¬ 
esis.  (Blood.  2000;95:2304-2311) 
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The  formation  of  new  capillaries  from  preexisting  vessels,  a 
process  termed  angiogenesis,  is  tightly  regulated  in  physiologic 
processes  such  as  embiyonic  development,  wound  repair,  and 
hypertrophy  of  normal  organs.  In  contrast,  persistent  unregulated 
angiogenesis  underscores  many  pathologic  conditions,  such  as 
tumor  growth  and  metastasis,  diabetic  retinopathy,  atherosclerosis, 
and  chronic  inflammation.  Angiogenesis  is  a  complex  process 
involving  an  extensive  inteiplay  between  cells,  soluble  factors,  and 
extracellular  matrix  molecules  that  culminate  in  the  proliferation, 
migration,  and  tube  differentiation  of  endothelial  cells.*  A  plethora 
of  angiogenesis  regulators  such  as  vascular  endothelial  growth 
factor  (VEGF)  and  basic  fibroblast  growth  factor  (bFGF)  can  elicit 
various  angiogenic  responses  from  endothelial  cells.^  An  understand¬ 
ing  of  endothelial  cell  metabolism  and  the  signaling  that  underlies 
angiogenesis  is  important  because  it  provides  potential  therapeutic 
targets  to  inhibit  or  enhance  angiogenesis. 

12-lipoxygenases  (12-LOX)  are  a  family  of  isozymes  that 
belong  to  the  LOX  superfamily.  These  enzymes  catalyze  the 
stereospecific  oxygenation  of  arachidonic  acid  (AA)  to  form 
12(S)-hydroperoxyeicosatetraenoic  acid  (HPETE)  and  12(S)- 
hydroxyeicosatetraenoic  acid  (HETE).  At  least  3  types  of  12-LOX 
have  been  well  characterized:  platelet-type,  leukocyte-type,  and 
epidermal  12-LOX.^  Platelet- type  12-LOX  exclusively  uses  AA 
released  from  glycerophospholipid  pools  to  synthesize  12(S)- 
HPETE  and  12(S)-HETE,  whereas  leukocyte-type  12-LOX  can 


also  synthesize  15(S)-HETE  and  12(S)-HETE.  In  addition  to 
leukocytes  and  platelets,  the  expression  of  12-LOX  isozymes  has 
been  detected  in  various  types  of  cells,  such  as  smooth  muscle 
cells,"*  keratinocytes,^  endothelial  cells, and  tumor  cells.  Elevated 
12-LOX  activity  has  been  implicated  in  hypertension,’^  vaso- 
occlusion  in  sickle  cell  disease,®  inflammation,^  thrombosis,*®  and 
mouse  skin  tumor  development.^  In  human  prostate  carcinoma,  the 
level  of  12-LOX  expression  has  been  correlated  with  tumor  stage.** 
Along  this  line,  we  recently  demonstrated  that  the  overexpression 
of  platelet-type  12-LOX  in  human  prostate  cancer  PC3  cells 
stimulated  tumor  growth  by  elaborating  tumor  angiogenesis.*^ 

In  endothelial  cells,  it  has  been  shown  that  12-LOX  activity  is 
required  for  serum-  and  bFGF-stimulated  endothelial  cell  prolifera¬ 
tion*^**"*  and  for  minimally  modified  low-density  lipoprotein- 
induced  monocyte  binding  to  endothelial  cells.*^  It  has  been  shown 
that  I2(S)-HETE  can  directly  stimulate  endothelial  cell  mitogen- 
esis^*3,i6  inigration,*2  and  surface  expression  of  avPs  integrin.*’*”^® 
Because  endothelial  cell  proliferation  and  migration  and  increased 
levels  of  surface  ayps  integrin^*-^^  are  involved  in  angiogenesis, 
these  observations  prompted  us  to  investigate  the  functional  role  of 
endothelial  12-LOX  in  angiogenesis.  Here  we  report  that  endothelial 
12-LOX  activity  is  required  for  endothelial  cell  proliferation, 
migration,  and  tube  differentiation  in  vitro  and  angiogenesis  in 
vivo.  This  study  suggests  the  importance  of  arachidonic  acid 
metabolism  in  endothelial  cell  signaling  as  it  relates  to  angiogenesis. 
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Materials  and  methods 

Inhibitors 

BHPP,  a  12-LOX  inhibitor  as  previously  described,^  was  a  generous  gift 
from  Biomide  (Grosse  Pointe  Farms,  MI).  The  IC50  for  BHPP  to  inhibit 
platelet-type  12-LOX  activity  in  tumor  cells  is  approximately  0.2  to  1 
jiimol/L,  depending  on  cell  type.^*^^  BHPP  does  not  appreciably  inhibit 
5(S)-HETE  or  15(S)-HETE  synthesis  in  highly  nietastatic  B16a  cells.^ 
Using  recombinant  enzymes,  the  IC50  of  BHPP  for  the  murine  platelet-type 
12-LOX  is  0.8  pmol/L  with  arachidonic  acid  as  a  substrate.  The  rank  of 
selectivity  of  BHPP  for  lipoxygenase  inhibition  is  murine  platelet-type 
12-LOX  >  murine  epidermis-type  12-LOX  >  human  5-LOX  >>  murine 
leukocyte  12-LOX  >>  rabbit  1 5-LOX- 1  (Furstenberger  G,  personal 
communication).  Because  of  its  selectivity  toward  the  platelet-type  12- 
LOX,  BHPP  was  extensively  used  in  the  current  study.  Other  inhibitors  for 
AA  metabolism — 5-,  8-,  11-,  and  14-eicosatetraynoic  acid  (ETYA),  nordihy- 
(koguaiaretic  acid  (NDGA),  5-LOX-activating  protein  (FLAP)  inhibitor 
MK886,  and  cyclooxygenase  (COX)  inhibitor  indomethacin — were  pur¬ 
chased  from  Calbiochem  (San  Diego,  CA).  Their  sites  of  action  are 
illustrated  in  Figure  1. 

Cell  culture 

The  cord-forming  angiogenic  endothelial  cell  line  RV-ECT  was  isolated 
from  the  RV-EC  cell  line  established  from  rat  brain  resistance  vessels  as 
previously  described.^^  The  mouse  capillary  endothelial  cell  line  CD4  was 
originally  established  from  mouse  lung  capillary  blood  vessels Both  the 
RV-ECT  and  the  CD4  cells  were  cultured  in  Dulbecco’s  modified  Eagle’s 
medium  (DMEM)  with  10%  fetal  bovine  serum  (FBS).  Human  umbilical 
vein  endothelial  cells  (HUVEC)  and  human  foreskin  dermal  micro  vascular 
endothelial  cells  (HMVEC)  were  purchased  from  Clonetics  (San  Diego, 
CA),  multiplied  in  EGM-2,  and  used  from  passages  4  to  10. 

Detection  of  12-LOX  expression  by  reverse 
transcription-polymerase  chain  reaction 

Total  RNA  was  isolated  from  semiconfluent  (70%  to  80%)  endothelial  cells 
using  Tri-reagent  (Molecular  Research  Center,  Cincinnati,  OH)  according 
to  the  manufacturer’s  recommendations.  After  total  RNA  was  isolated,  it 
was  further  washed  with  2  mol/L  LiCl/5  nunol/L  EDTA  to  reduce  possible 
contamination  from  genomic  DNA.  Total  RNA  was  reverse  transcribed 
with  oligo  dT  using  Moloney  murine  leukemia  virus  reverse  transcriptase 
(Life  Technologies,  Gaithersburg,  MD).  To  detect  the  expression  of 
platelet-type  12-LOX  in  human  endothelial  cells,  nested  polymerase  chain 
reaction  (PCR)  was  conducted  using  primers  located  in  different  exons  of 
the  human  platelet-type  12-lipoxygenase  to  ensure  the  differentiation  of 
PCR  products  from  cDNA  or  genomic  DNA  as  previously  described.^*  The 
size  of  the  first-round  PCR  product  was  approximately  590  bp  and  the 
second-round  PCR  approximately  190  bp.  Negative  controls  with  no 
reverse  transcriptase  added  were  also  used  to  detect  the  possibility  of 
false-positive  signals.  The  PCR  products  were  analyzed  using  2% 
agarose  gel. 

To  confirm  further  the  expression  of  platelet-type  12-LOX  in  rat 
RV-ECT  endothelial  cells,  primers  were  designed  based  on  the  partial 
sequence  of  rat  platelet-type  12-LOX  obtained  from  rat  Walker  256  cells^^ 
because  full-length  rat  platelet-type  i2-LOX  has  not  been  cloned  or 
sequenced.  Total  RNA  was  isolated  using  tri-reagent,  and  tjie  cDNA 
sequence  was  synthesized  using  adapter  primer  according  to  the  standard 
protocol  from  Gibco  BRL’s  3'  RACE  kit  (Rapid  Amplification  of  cDNA 
Ends  kit;  #18,73-027;  Life  Technologies).  Three  different  combinations  of 
primers  were  used  for  nested  PCR.  The  first  combination  yielded  the  final 
product  of  111  bp  with  the  first-round  PCR  primer  set  of  AGACAATAG- 
CAGCAGACT  (1  U)  and  TAGACGGTTCCAGCTT  (137  L)  and  the 
second-round  primer  set  of  TGACCTCCCTCCAAACAT  (26  U)  and 
CTCAGGGTATAAACA  (1 19  L).  The  second  combination  yielded  the  final 
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product  of  62  bp  using  AGACAATAGCAGCAGACT  (1  U)  and  CT¬ 
CAGGGTATAAACA  (1 19  L)  as  the  first-round  primer  set  and  TGACCTC¬ 
CCTCCAAACAT  (26U)  and  TCAGCGTCCATTCTAAGT  (70L)  as  the 
second  PCR  primer  set.  The  expected  product  size  of  the  third  combination 
was  88  bp  using  CAGGAGACAATGCTTTTGGAC  (LOS2)  and  GAA- 
CAACTCATCATCCTGCC  (LO-AS2)  as  the  first  PCR  primer  set  and 
AGACAATAGCAGCAGACT  (1  U)  and  TCAGCGTCCATTCTAAGT  (70 
L)  as  the  second  primer  ser.  The  final  PCR  products  were  analyzed  using 
2%  agarose  gel. 

To  study  the  expression  of  leukocyte-type  12-LOX  in  RV-ECT,  the 
following  pairs  of  primers  were  designed  based  on  the  leukocyte-type 
12-LOX  sequence  characterized  from  rat  brain  and  used  for  nested  PCR: 
first-round  PCR  primers,  GCCCAGGAGCCAAACGACAT  (lower  primer) 
and  CATCTTCTGAGGGGACACTT  (upper  primer).  The  expected  size  of 
the  first-round  PCR  product  was  695  bp.  The  expected  size  of  second-round 
PCR  product  was  342  bp  using  GCATTAGGAACCCAGTAGAA  (lower 
primer)  and  ACCTATTGCTCATTGTGTCC  (upper  primer)  as  second- 
round  PCR  primers. 

Immunoblot  analysis  of  12-LOX  expression 

Semiconfluent  confluent  (70%  to  80%)  HUVEC,  HMVEC,  RV-EC,  RV- 
ECT,  and  CD4  endothelial  cells  were  rinsed  with  ice-cold  PBS,  scraped  into 
lysis  buffer  containing  20  mmol/L  Tris-HCl,  pH  7.5,  2  nunol/L  EDTA,  0.5 
mmol/L  EGTA,  0.5  mmol/L  phenylmethylsulfonyl  fluoride,  0.5  mmol/L 
leupeptin,  0.15  mmol/L  pepstatin  A,  1  mmol/L  dithiothreitol,  and  1% 
NP-40.  Protein  concentration  was  measured  using  BCA  protein  assay  Idt 
(Pierce,  Rockford,  IL).  Human  platelet  lysates  (10-40  ng)  or  human 
epidermoid  carcinoma  A431  cell  lysates  (30  pg)  were  used  for  positive 
control.  Cell  lysates  (80  pg)  from  each  sample  were  loaded  onto  a  minigel 
for  electrophoresis  separation.  The  proteins  in  the  gel  were  then  transferred 
onto  a  poly  vihylidene  difluoride  membrane  and  processed  for  immunodetec¬ 
tion  using  a  rabbit  polyclonal  antibody  to  human  platelet-type  12-LOX 
obtained  from  Oxford  Biomedical  Research  (Oxford,  MI).  This  antibody 
reacts  strongly  with  platelet-type  12-LOX  from  various  species,  with  slight 
cross-reactivity  with  5-LOX  and  15-LOX  at  higher  concentrations.  Horse¬ 
radish  peroxidase-conjugated  goat  antirabbit  IgG  antibodies  and  enhanced 
chemiluminescent  reagent  was  purchased  from  Amersham  (Arlington 
Heights,  IL). 


Arachidonic  Acid 


5-HETEand  15-HETE  12-HETE 

Leukotrienes  LIpoxin 


Figure  1 .  Scheme  of  AA  metabolism.  The  AA  released  from  phospholipids  by  P1_A2 
activity  is  metabolized  by  the  COX  pathways  to  various  prostaglandins  and  throm¬ 
boxanes  (left),  by  the  LOX  pathways  to  various  HETEs,  leukotrienes,  and  lipoxlns^2-44 
(middle),  and  by  P-450  epoxygenase  to  epoxyelcosatrienolc  acids  (right).  The 
proposed  site  of  action  for  the  Inhibitors  used  In  this  study  is  shown  In  parentheses. 
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Measurement  of  12(S)-HETE  levels  by  enzyme  Immunoassay 

To  measure  12(S)'HETE  synthesis  in  cell  culture,  RV-ECT  cells  (4  X  10® 
cells)  were  plated  and  grown  to  80%  to  90%  confluence  in  DMEM 
supplemented  with  10%  FBS  and  then  serum  starved  overnight  in 
serum-free  DMEM.  Fresh  serum-free  DMEM  with  1  pmol/L  arachidonic 
acid  was  added  1  hour  before  VEGF  treatment.  BHPP  was  added  to  a  final 
concentration  of  10  pmol/L  30  minutes  before  VEGF  treatment.  Recombi¬ 
nant  human  VEGF  was  added  in  a  final  concentration  of  10  ng/mL.  After  30 
minutes  of  treatment,  cells  were  washed  in  PBS  once  and  harvested  using 
cell  scrapers.  After  centrifugation,  the  cell  pellets  were  resuspended  in  cell 
lysis  buffer  and  sonicated.  Lipids  were  extracted  from  cell  lysates  by  adding 
ethanol  to  a  final  concentration  of  15%.  After  centrifugation  at  375g  for  10 
minutes  at  4“C,  the  supernatants  were  acidified  to  pH  3.5  with  3%  formic 
acid  and  applied  to  BAKERBOND  spe  Octadecyl  (Cl 8)  columns  (J.T. 
Baker,  Phillipsburg,  NJ).  After  washing  with  ddH20,  15%  ethanol,  and 
petroleum  ether,  lipids  were  eluted  with  ethyl  acetate  and  dried  under  N2 
gas,  and  12(S)-HETE  levels  were  measured  using  an  EIA  kit  according  to 
the  manufacturer’s  instructions  (Assay  Designs,  Ann  Arbor,  MI).  To 
tneasure  12(S)-HETE  levels  in  Matrigel  (Becton  Dickinson,  Bedford,  MA) 
implants,  resected  Matrigel  plugs  were  homogenized  in  cell  lysis  buffer  and 
processed  for  lipid  extraction  and  1 2(S)-HETE  measurement. 

Stable  transfection  of  CD4  endothelial  cells  and 
characterization 

Semiconfluent  CD4  endothelial  cells  were  transfected  with  a  pcDNA  3.1 
expression  construct  containing  human  platelet-type  12-lipoxygenase  cDNA, 
which  was  a  gift  from  Dr  Colin  Funk  (University  of  Pennsylvania).  Empty 
vector  was  used  as  a  control.  Transfection  was  performed  using  lipofectin 
reagent  (Life  Technologies).  Transfectants  were  selected  using  300  pg/mL 
geneticin  (G418)  in  DMEM  with  10%  FBS.  The  expression  of  12-LOX  in 
CD4  transfectants  was  characterized  by  reverse  transcription  (RT)-PCR 
and  Northern  blot  analysis  for  mRNA  expression  and  by  immunoblot  for 
12-LOX  protein  expression. 

Endothelial  cell  proliferation  assay 

HUVEC  cells  were  used  to  study  the  effects  of  12-LOX  inhibitors  on 
endothelial  cell  proliferation.  Cells  were  harvested  by  trypsinization, 
resuspended  in  EGM-2,  and  plated  in  a  96-well  plate  at  2000  cells  per  well. 
After  overnight  incubation,  the  media  were  changed  to  fresh  EBM-2  with 
1%  FBS  and  treated  with  recombinant  human  VEGF-A  or  bFGF  (R&D 
Systems,  Minneapolis,  Ml^  plus  various  amounts  of  BHPP.  The  concentra¬ 
tions  of  BHPP  used  were  0,  1,  10,  and  50  pmol/L  unless  otherwise 
indicated.  The  final  concentration  of  recombinant  human  VEGF  and  bFGF 
was  10  ng/mL.  After  2  days,  the  plates  were  processed  to  quantitate  the 
number  of  cells  using  an  MTS  cell  proliferation  assay  kit  (Promega, 
Madison,  WI).  The  absorbance  at  490  nm  (A490)  indicated  the  relative 
number  of  cells. 

The  determination  of  the  in  vitro  growth  kinetics  of  CD4  12-LOX 
transfectants  in  culture  was  conducted  essentially  as  previously  described. 
Basically,  2X10^  cells  were  seeded  onto  96- well  culture  plates  in  complete 
medium,  and  the  number  of  viable  cells  at  48-hour  intervals  was  assessed 
using  an  MTS  cell  proliferation  assay  kit.  The  A490  reading  2  to  3  hours  after 
plating  was  used  as  a  baseline.  The  number  of  cells  was  expressed  as  the 
percentage  of  increase  from  the  A490  baseline. 

Endothelial  cell  migration  assay 

RV-ECT  endothelial  cell  migration  assay  was  performed  essentially  as 
previously  described.^^  VEGF  (10  ng/mL),  bFGF  (10  ng/mL),  or  various 
other  treatments  were  placed  in  the  lower  chamber.  For  each  treatment,  at 
least  3  chambers  were  used  unless  otherwise  indicated.  The  migration 
assay  for  CD4  12-LOX  transfectants  was  conducted  in  a  similar  way  except 
that  the  number  of  cells  seeded  was  1  X  10^  per  chamber.  The  migrated 
cells  were  counted  by  a  person  unaware  of  the  treatment  regimen 
(blinded  approach). 


Endothelial  cell  tube/cord  formation  assay 

Cord-forming  RV-ECT  cells  or  CD4  transfectants  (1  X  10®)  were  plated  on 
a  24- well  plate  precoated  with  a  thin  layer  of  Matrigel  (Becton  Dickinson). 
After  overnight  incubation,  BHPP  was  added.  After  24  hours  of  treatment, 
the  media  were  removed  and  the  confluent  monolayer  was  overlaid  with  0.5 
mL  diluted  Matrigel  (Becton  Dickinson;  final  concentration,  5  mg/mL). 
After  solidifying  at  3TC,  0.5  mL  DMEM-10%  FBS  medium  was  carefully 
added  without  disturbing  the  gel.  The  formation  of  a  tubelike  structure  was 
monitored  microscopically  every  6  hours  and  recorded. 

Matrigel  Implantation  assay  for  angiogenesis 

The  Matrigel  (Becton  Dickinson)  implantation  assay  was  performed  as 
described  by  Ito  et  al^®  with  the  following  modifications.  Matrigel  0.4  mL 
premixed  with  bFGF  (5  pg/ml)  with  and  without  BHPP  (0.9  mg/ml)  was 
injected  subcutaneously  into  nude  mice  (4  mice/group).  Mice  were  killed  5 
days  after  injection  and  dissected  to  expose  the  implants  for  recording  using 
an  SP  SZ-4060  stereonucroscope  (Olympus  America,  Melville,  NY).  The 
amount  of  blood  retained  in  the  Matrigel  was  further  assessed  by  measuring 
the  hemoglobin  levels  using  Drabkin’s  reagent  (Sigma  Diagnostics,  St. 
Louis,  MO). 


Results 

12-Lipoxygenase  expression  and  activity  in  endotheliai  cells 

Several  studies  have  provided  evidence  that  endothelial  cells 
synthesize  various  lipoxygenase  products  such  as  5(S)-HETE, 
12(S)-HETE,  and  15(S)-HETE.^®  The  expression  of  platelet-type 
12-LOX  in  HUVEC  cells  was  previously  detected  by  RT-PCR.® 
Using  primers  selective  for  platelet-type  12-LOX,  the  expression  of 
12-LOX  mRNA  was  confirmed  in  HUVEC  cells  and  also  detected 
in  microvascular  endothelial  cells,  HMVEC  (Figure  2A).  In 
RV-ECT,  an  endothelial  cell  line  derived  from  rat  brain  resistance 
microvessel,  a  faint  band  of  PCR  product  was  also  present  (Figure 
2A).  To  further  confirm  the  expression  of  platelet-type  12-LOX  in 
RV-ECT  cells,  we  designed  7  primers  on  the  basis  of  the  partial 
sequence  obtained  from  rat  Walker  256  cells. The  expression  of 
platelet-type  12-LOX  was  detected  by  nested  PCR  using  3  different 
combinations  of  these  7  primers  (Figure  2B).  Interestingly,  in 
addition  to  platelet-type  12-LOX,  RV-ECT  cells  also  expressed 
another  isoform  of  12-LOX  that  presumably  was  leukocyte-type  as 
detected  by  using  primers  designed  on  the  basis  of  the  rat 
leukocyte-type  12-LOX  sequence^^  (data  not  shown),  suggesting 
that  RV-ECT  cells  expressed  both  platelet-  and  leukocyte-type 
12-LOX. 

Immunoblot  analysis  using  a  rabbit  polyclonal  antibody  against 
human  platelet-type  12-LOX  revealed  that  12-LOX  is  also  ex¬ 
pressed  in  endothelial  cells  at  the  protein  level.  As  shown  in  Figure 
2C,  primary  cultures  of  hUVEC  ^d  HMVEC  had  the  highest 
levels  of  12-LOX  expression,  whereas  CD4,  an  endothelial  cell  line 
derived  from  mouse  pulmonary  microvasculature, had  the  lowest 
12-LOX  expression. 

When  RV-ECT  cells  were  treated  with  VEGF  for  30  minutes,  a 
5-fold  increase  in  12(S)-HETE  biosynthesis  was  observed  (Figure 
2D).  The  increased  12-LOX  activity  was  inhibited  by  pretreating 
RV-ECT  cells  with  BHPP  (10  pmol/L).  Because  BHPP  is  20-fold 
more  selective  toward  platelet- type  12-LOX  than  leukocyte-type 
12-LOX,  the  results  suggest  that  the  increased  12(S)-HETE 
synthesis  on  VEGF  treatment  was  probably  caused  by  the  increased 
activity  of  platelet-type  12-LOX. 

It  has  been  shown  that  arachidonic  acid  metabolism  through  the 
LOX  pathways,  especially  the  12-LOX  pathway,  is  involved  in 
endothelial  cell  proliferation  stimulated  by  serum  or  bFGF.  As 
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Figure  2.  Expression  of  platelet-type  12-LOX  in  endothelial  cells  and  its  role  In 
cell  proliferation.  (A)  RT-PCR  detection  of  12-LOX  expression  in  endothelial  cells. 
Total  RNA  was  isolated  and  processed  for  double-round  RT-PCR  using  primers 
designed  on  the  basis  of  human  platelet-type  12-LOX  sequence  as  described  in 
"Materials  and  Methods.”  Control,  no  RNA  present  in  PCR  or  RT  reaction  mixtures  as 
controls  for  the  quality  of  PCR;  RT(-),  no  reverse  transcriptase  present  in  RT 
reaction  mixtures  as  controls  for  the  possible  contamination  of  DNA  in  RNA  samples; 
RT(+),  reverse  transcription  present.  (B)  RT-PCR  detection  of  platelet-type  12-LOX 
expression  in  RV-ECT  cells.  The  primer  combinations  for  1st,  2nd,  and  3rd  are 
described  in  “Materials  and  methods.”  The  target  sizes  of  the  final  PCR  product  from 
1  St,  2nd,  and  3rd  primer  combinations  are  111  bp,  62  bp,  and  88  bp,  respectively.  (C) 
Immunoblot  analysis  of  12-LOX  expression  in  endotheliai  cells.  The  blot  was  probed 
with  a  rabbit  polyclonal  antibody  to  human  platelet-type  12-LOX.  (D)  Inhibition  of 
VEGF-stimulated  12-LOX  activity  by  BHPP.  Cell  treatment  and  measurement  of 
1 2(S)-HETE  are  detailed  in  "Materials  and  methods.”  Columns,  average  levels  of 
1 2(S)-HETE  per  1x10®  cells  (n  =  3);  bars,  SE.  a,  P  <  .01  when  compared  with  the 
unstimulated  control;  b,  P<  .05  when  compared  to  the  VEGF-stimulated  cells.  (E) 
Involvement  of  endothelial  12-LOX  in  bFGF-  or  VEGF-stimulated  cell  proliferation. 
HUVEC  cells  were  plated  in  96-well  culture  plates.  Cell  proliferation  was  stimulated 
with  10  ng/mLbFGF  (open  triangle)  or  10  ng/mL  VEGF  (filled  circle)  in  EBM-2  with  2% 
FBS.  Cells  with  no  bFGF  or  VEGF  stimulation  were  used  as  controls  (open  circle).  48 
hours  after  treatment  with  graded  levels  of  BHPP,  cell  numbers  were  measured  by  an 
MTS  method  as  described  In  "Materials  and  methods.”  Data  point,  mean  from 
quadruplicate  determination;  bars,  SE  from  quadruplicate  of  treatment. 


shown  in  Figure  2E,  inhibition  of  12-LOX  activity  by  BHPP 
significantly  inhibited  bFGF-  or  VEGF-stimulated  HUVEC  prolif¬ 
eration,  suggesting  that  12-LOX  activity  is  required  for  the 
endothelial  cell  proliferative  responses  to  bFGF  or  VEGF. 

Involvement  of  endogenous  12-lipoxygenase 
in  endothelial  cell  migration 

Endothelial  cell  migration  is  a  requisite  step  in  angiogenesis.  It  has 
been  shown  that  the  activation  of  phospholipase  A2  is  required  for 
endothelial  cell  migration  in  response  to  bFGF.^®  To  study  whether 
AA  released  by  phospholipase  A2  modulates  endothelial  cell 
migration,  we  selected  the  RV-ECT  cell  line,  which  can  grow  in 
DMEM-10%  FBS  without  bFGF  or  VEGF  supplementation,^^  for 


cell  migration  assay.  First  we  examined  the  migratory  response  of 
RV-ECT  cells  toward  exogenous  AA,  bFGF,  and  VEGF.  As  shown 
in  Figure  3A,  AA  increased  endothelial  cell  migration  by  70%  to 
80%,  a  level  comparable  to  that  of  bFGF  but  less  than  VEGF.  This 
observation  is  consistent  with  the  report  that  VEGF  is  a  stronger 
chemotactic  factor  than  bFGF.^i  Because  mobilization  of  AA  has 
been  observed  in  endothelial  cells  on  stimulation  with  angiogenic 
factors  such  as  VEGF,^^  bFGF,^^  and  angiogenin,^  we  studied  the 
effect  of  various  inhibitors  of  arachidonic  acid  metabolism  on 
endothelial  cell  migration  stimulated  by  VEGF.  As  shown  in  Figure 
3B,  ETYA,  a  promiscuous  inhibitor  for  AA  metabolism,  inhibited 
VEGF-stimulated  RV-ECT  migration.  NDGA,  a  general  LOX 
inhibitor,  also  significantly  reduced  VEGF-stimulated  RV-ECT 
migration.  In  contrast,  indomethacin,  a  general  COX  inhibitor,  had 
no  effect.  The  results  suggest  that  the  LOX  pathway,  but  not  the 
COX  pathway,  of  AA  metabolism  is  involved  in  RV-ECT  migration. 

In  the  LOX  pathways,  AA  can  be  used  by  5-LOX  to  synthesize 
5(S)-HETE  and  leukotrienes,  by  12-LOX  to  synthesize  mainly 
12(S)-HETE,  and  by  15-LOX  to  synthesize! 5 (S)-HETE,  To  delin¬ 
eate  which  pathway(s)  is  involved  in  endothelial  cell  migration,  we 
first  studied  the  effect  of  various  types  of  HETEs  on  RV-ECT  cell 
migration.  As  shown  in  Figure  3C,  among  the  various  types  of 
HETEs  tested,  only  12(S)-HETE,  but  not  5(S)-HETE,  15(S)- 
HETE,  or  12(R)-HETE,  could  stimulate  endothelial  cell  migration. 
The  stimulation  of  endothelial  cell  migration  by  12(S)-HETE  is 
consistent  with  previous  observations.  To  study  whether  the 
endogenous  synthesis  of  12(S)-HETE  is  involved  in  endothelial 
cell  migration  in  response  to  VEGF,  we  examined  the  effect  of 
BHPP  on  VEGF-stimulated  endothelial  cell  migration.  As  shown  in 
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Figure  3.  Arachidonate  metabolites  In  endothelial  cell  migration.  The  migration 
assays  were  performed  as  described  in  "Materials  and  methods.”  (A)  Stimulation  of 
RV-ECT  migration  by  arachidonic  acid  (1  pmol/L),  bFGF  (10  ng/ml),  and  VEGF  (10 
ng/ml).  (B)  VEGF-stimulated  RV-ECT  migration  involves  lipoxygenase-dependent 
arachidonic  acid  metabolism.  Treatment:  VEGF,  10  ng/mL;  ETYA,  5  pmol/L;  NDGA, 
50  pmol/L;  indomethacin,  50  pmol/L.  absence  of  treatment  (vehicle  only);  +, 
presence  of  treatment.  (C)  Differential  effects  on  RV-ECT  cell  migration  by  various 
HETEs.  (D)  Modulation  of  RV-ECT  cell  migration  by  12-LOX  inhibitor  BHPP  and 
12(S)-HETE.  Columns,  percentage  of  the  average  number  of  cells  migrated  when 
compared  with  the  controls;  bars,  SE  (a,  P  <  .05;  b,  P  <  0.01 ;  Student's  t  test).  All 
migration  assays  were  repeated  at  least  4  times. 
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Figure  3D,  BHPP  inhibited  VEGF-stimulated  RV-ECT  endothelial 
cell  migration.  Furthermore,  exogenous  12(S)-HETE  partially 
reversed  the  inhibitory  effect  of  BHPP  on  RV-ECT  migration 
(Figure  3D).  We  also  tested  the  effect  of  an  inhibitor  of  the  5-LOX 
pathway,  ie,  MK886,  on  VEGF-stimulated  RV-ECT  migration  and 
did  not  observe  any  appreciable  effects  at  a  concentration  of  10 
pmol/L  (data  not  shown).  These  results  collectively  suggest  that 
12-LOX  activity  and  12(S)-HETE  are  involved  in  endothelial  cell 
migration. 

Endothelial  12-llpoxygenase  was  involved  in  RV-ECT  tube 
differentiation 

Certain  endothelial  cell  lines,  under  proper  culture  conditions,  have 
the  capacity  to  form  tubelike  structures.  Confluent  RV-ECT  cells 
can  spontaneously  form  cordlike  structures  under  normal  culture 
conditions.^^  Therefore,  this  cell  line  was  chosen  for  the  current 
study.  When  RV-ECT  cells  were  cultured  between  2  layers  of 
Matrigel,  the  formation  of  cordlike  structures  was  expedited,  as 
manifested  by  the  formation  of  numerous  vacuoles  within  4  to  5 
hours  and  interconnected  tubelike  structures  within  24  hours 
(Figures  4A,  4C).  Pretreatment  of  RV-ECT  cells  with  BHPP  (10 
|imol/L)  significantly  impaired  their  ability  to  form  cordlike 
structures  (Figures  4B,  4D),  suggesting  the  potential  involvement 
of  12-LOX  in  endothelial  cell  cordlike  differentiation. 

Endothelial  cells  that  overexpress  12-LOX  had  Increased 
motility  and  enhanced  tubelike  differentiation 

To  further  explore  the  role  of  12-LOX  in  endothelial  cell  migration 
and  tubelike  differentiation,  we  transfected  CD4  endothelial  cells 
with  a  pcDNA-12-LOX  expression  construct.  The  CD4  endothelial 
cell  line  was  selected  for  12-LOX  overexpression  study  because  of 
its  low  level  of  12-LOX  expression  (Figure  2C).  Stable  transfec- 
tants  were  selected  using  G418,  and  the  transfectant  pools  were 
characterized  for  the  expression  of  12-LOX  mRNA  by  RT-PCR 
(Figure  5A)  and  Northern  blot  analysis  (Figure  5B).  The  expression 
of  12-LOX  was  also  increased  in  12-LOX-transfected  CD4  cells  at 
protein  levels  as  revealed  by  Western  blot  (Figure  5C).  The  growth 
rate  of  12-LOX-transfected  CD4  endothelial  cells  was  similar  to 
the  mock  transfectants  (data  not  shown),  suggesting  that  although 
12-LOX  is  involved  in  bFGF-  or  VEGF-stimulated  endothelial  cell 
growth,  the  overexpression  of  12-LOX  in  CD4  cells  is  not 
sufficient  to  stimulate  endothelial  cell  proliferation.  However,  the 
overexpression  of  12-LOX  was  able  to  stimulate  CD4  endothelial 
cell  migration  (Figure  5D).  Further,  the  increased  motility  in 
12-LOX-transfected  CD4  cells  was  inhibited  by  BHPP,  suggesting 
that  it  is  the  increased  12-LOX  activity  in  endothelial  cells  that 
enhances  cell  motility  (Figure  5D). 

When  cultured  within  2  layers  of  Matrigel,  CD4  vector 
transfectants  did  not  form  tubelike  structures  (Figure  5E,  left 
panel).  In  contrast,  under  identical  conditions,  CD4  12-LOX 
transfectants  retracted  and  formed  tubelike  structures  (Figure  5E, 
right  panel).  The  results  further  suggest  the  involvement  of 
12-LOX  in  endothelial  cell  tube  differentiation. 

Inhibition  of  angiogenesis  in  vivo  by  12-lipoxygenase  Inhibitor 

The  involvement  of  the  12-LOX  pathway  of  arachidonic  acid 
metabolism  in  endothelial  cell  proliferation,  migration,  and  tube 
differentiation  led  us  to  study  whether  the  inhibition  of  12-LOX 
activity  can  compromise  angiogenesis  in  vivo.  Because  the  induc¬ 
tion  of  angiogenesis  in  vivo  by  bFGF  requires  the  angiogenic 
activities  of  VEGF,^^  we  used  bFGF  premixed  with  Matrigel  to 
induce  angiogenesis.  As  shown  in  Figure  6A,  bFGF  induced 
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Figure  4.  Involvement  of  12-LOX  in  endothelial  cell  tubelike  differentiation.  The 
formation  of  cordlike  structures  by  RV-ECT  cells  was  facilitated  by  Matrigel  as 
detailed  in  “Materials  and  methods.”  (A)  RV-ECT  treated  with  ethanol  as  control. 
Original  magnification,  X40.  (B)  RV-ECT  treated  with  10  pmolA.  BHPP.  Original 
magnification,  x40.  (C)  RV-ECT  treated  with  ethanol  as  control.  Original  magnifica¬ 
tion,  XI 00.  (D)  RV-ECT  treated  with  10  pmol/L  BHPP.  Original  magnification,  XIOO. 
Shown  here  are  typical  observations  from  4  independent  studies  on  the  tube-forming 
ability  of  RV-ECT  and  the  effect  of  BHPP. 


massive  angiogenesis  around  and  within  the  implant  (upper  panel, 
left).  When  dissected  out,  the  implanted  Matrigel  retained  a  large 
volume  of  blood  within  the  gel  (upper  panel,  right).  Matrigel 
implants  without  bFGF  had  little  or  no  angiogenic  activities  in  vivo 
(bottom  panel).  Inclusion  of  the  12-LOX  inhibitor  BHPP  in  the 
implants  significantly  reduced  the  ability  of  bFGF  to  induce 
angiogenesis  (Figure  6A,  middle  panel),  suggesting  that  12-LOX  is 
involved  in  angiogenesis  in  vivo.  Figure  6B  shows  the  hemoglobin 
levels  in  the  dissected  Matrigel.  As  shown  in  the  Figure,  BHPP 
significantly  reduced  the  hemoglobin  levels  in  Matrigel  (P  <  .05), 
suggesting  a  reduction  of  angiogenesis.  The  reduction  of  angiogen¬ 
esis  was  closely  correlated  with  the  levels  of  12(S)-HETE  in  the 
Matrigel  implants  as  shown  in  Figure  6C.  Taken  together,  the  data 
suggest  a  critical  role  of  12-LOX  activity  in  angiogenesis  in  vivo. 


Discussion 

In  this  study  we  demonstrated  that  endothelial  cells  from  different 
species  (rat  and  human)  and  different  organs  (brain,  umbilical  cord, 
and  foreskin)  express  platelet-type  12-LOX  and  elucidated  its 
important  role  in  endothelial  cell  responses  to  angiogenic  stimuli. 
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Figure  5.  Stimulation  of  endothelial  cell  migration  and  tubellke  differentiation 
by  the  overexpression  of  12-LOX  In  endothelial  cells.  CD4  cells  were  transfected 
with  a  12-LOX  expression  construct  or  an  empty  vector  as  a  control.  (A)  Detection  of 
1 2-LOX  mRNA  expression  by  RT-PCR.  Primers  were  the  pair  of  the  primers  for  the 
first  round  of  PCR.  The  reaction  was  carried  out  for  30  cycles.  Control,  no  RNA 
present  in  PCR  or  RT  reaction  mixtures  as  controls  for  the  quality  of  PCR;  RT(-),  no 
reverse  transcription  present  in  RT  reaction  mixtures  as  controls  for  the  possible 
contamination  of  DNA  in  RNA  samples;  RT(+),  reverse  transcription  present.  Vector, 
CD4  cells  transfected  with  pcDNA  3.1;  LOX,  CD4  cells  transfected  with  pcDNA 
construct  with  12-LOX  cDNA  insert.  (B)  Northern  blot  analysis  of  12-LOX  mRNA 
levels.  Control,  loading  buffer  as  the  blank  control.  (C)  Analysis  of  12-LOX  expression 
at  the  protein  level  by  immunoblot.  (D)  Increased  cell  migration  In  CD4  12-LOX 
transfectants.  The  migration  assay  was  performed  as  detailed  in  “Materials  and 
methods”  using  CD4  cells  transfected  with  pcDNA  (open  circle)  or  pcDNA  12-LOX 
construct  (filled  circle).  Data  point,  mean  from  30  fields  counted;  bars,  SE.  The 
migration  assay  was  repeated  for  3  times  with  similar  results.  (E)  Increased  formation 
of  tubelike  structures  In  CD4  12-LOX  transfectants.  Left  panel,  vector  control;  right 
panel,  12-LOX  transfected  CD4  cells. 


Inhibition  of  12-LOX  activity  by  BHPP,  a  platelet-type  selective 
inhibitor,  attenuated  the  endothelial  cell  mitogenic  and  the  migra¬ 
tory  responses  to  the  angiogenic  factors  bFGF  and  VEGF  and  the 
tubelike  differentiation  on  Matrigel.  Forced  expression  of  12-LOX 
in  the  CD4  endothelial  cells  stimulated  cell  migration  and  pro¬ 
moted  tube  differentiation.  Inhibition  of  12-LOX  activity  by  BHPP 
significantly  reduced  angiogenesis  in  vivo.  Our  findings  suggest 
that  eicosanoids  from  the  arachidonic  acid  metabolism  through  the 
12-LOX  pathway,  ie  12(S)-HETE,  are  involved  in  modulating 
angiogenesis. 

There  are  seemingly  conflicting  reports  regarding  the  isozymes 
of  12-LOX  expressed  in  endothelial  cells  as  both  leukocyte  type 
12-LOX^  and  platelet-type  12-LOX^  are  reported.  In  the  current 
study,  we  demonstrated  that  platelet-type  1 2-LOX  was  expressed  in 
HUVEC  and  HMVEC  as  well  as  in  RV-ECT,  an  endothelial  cell 
line  originally  isolated  from  rat  brain  resistance  blood  vessels.^^ 
RV-ECT  cells  also  express  another  isoform  of  12-LOX  originally 
isolated  from  rat  brain  and  close  to  leukocyte-type.^^  When 
RV-ECT  cells  were  treated  with  VEGF,  there  was  a  5-fold  increase 
in  12(S)-HETE  biosynthetic  activity  inhibitable  by  BHPP  pretreat¬ 
ment.  Because  BHPP  is  much  more  selective  toward  platelet-type 
1 2-LOX  than  leukocyte-type  (Furstenberger  G,  personal  communi¬ 
cation),  the  results  suggest  that  it  is  the  platelet-type  12-LOX,  not 


the  leukocyte-type  12-LOX,  that  is  activated  in  endothelial  cells 
during  angiogenic  responses. 

Arachidonic  metabolites  have  been  implicated  in  angiogenesis 
since  the  inhibition  of  arachidonic  acid  metabolism  by  a-guaia- 
conic  acid  (GR-12)  attenuated  endothelial  cell  migration,  tube 
formation,  and  angiogenesis  in  vivo.^^  Cellular  mobilization  of  AA 
is  usually  achieved  by  PLA2  cleavage  of  phospholipids.  The 
activation  of  PLA2  and  the  subsequent  mobilization  of  AA  have 
been  observed  in  endothelial  cells  in  response  to  various  extracellu¬ 
lar  cues  such  as  angiogenin,  bFGF,  zinc,  and  phorbol  ester.^^’^^’^T.ss 
As  a  potent  angiogenic  factor,  bFGF  stimulates  the  migration  and 
proliferation  of  vascular  endothelial  cells.  Abrogation  of  the  release 
of  AA  in  endothelial  cells  by  the  inhibition  of  PLA2  activity 
inhibited  bFGF-stimulated  cell  proliferation^"^  and  migration.^® 
VEGF  also  can  rapidly  increase  phosphorylation  and  activity  of 
cytosolic  PLA2  and  stimulate  the  release  of  AA  in  HUVEC.^^  In  a 
recent  study,  it  was  shown  that  the  inhibition  of  PLA2  activity  in 
granuloma  by  SB  203  347  significantly  reduced  angiogenesis,^^ 
suggesting  that  the  activation  of  PLA2  and  the  subsequent  mobiliza¬ 
tion  of  AA  and  lysophospholipid  are  intrinsic  steps  during 
angiogenesis. 


Figure  6.  Attenuation  of  angiogenesis  In  vivo  by  12-LOX  inhibitors.  Matrigel 
implantation  assay  for  angiogenesis  was  performed  as  described  In  "Materials  and 
methods”  and  repeated  at  least  3  times  with  similar  results.  (A)  Matrigel  implantation 
angiogenesis  assay.  Top  panel:  left,  bFGF  (5  pg/mL  Matrigel)  in  situ;  right,  bFGF  (5 
pg/mL  Matrigel)  resected  Matrigel.  Middle  panel:  left,  bFGF  (5  pg/mL  Matrigel)  and 
BHPP  (0.8  mg/mL  Matrigel)  in  situ;  right,  bFGF  (5  pg/mL  Matrigel)  and  BHPP  (0.8 
mg/mL  Matrigel)  resected  implant.  Bottom  panel:  left,  Matrigel  alone  in  situ;  right, 
resected  Matrigel  blank  control.  (B)  Hemoglobin  levels  In  resected  Implants.  The 
hemoglobin  was  measured  by  Drabkin’s  reagent.  Columns,  hemoglobin  levels 
normalized  with  protein  concentrations.  Bars,  SE  from  quadruplicate  samples.  (C) 
12(S)-HETE  levels  in  resected  Implants.  Lipids  were  extracted  from  the  resected 
implants,  and  12(S)-HETE  levels  were  measured  as  described  In  “Materials  and 
methods.”  Columns,  average  12(S)-HETE  levels  normalized  with  protein  concen¬ 
trations.  Bars,  SE  (n  =  4  for  Matrigel  control;  n  =  3  for  bFGF;  n  -  5  for  bFGF 
plus  BHPP). 
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The  downstream  events  for  released  AA  include  the  synthesis  of 
various  prostaglandins  and  thromboxanes  through  the  COX  path¬ 
way,  various  HETEs  and  lipoxins42-44  through  the  LOX  pathways, 
and  various  epoxyeicosatrienoic  acids  through  cytochrome  P-450 
epoxygenase.  In  this  study,  we  found  that  ETYA,  a  general 
inhibitor  for  arachidonic  acid-derived  metabolism,  and  NDGA,  an 
agent  that  can  inhibit  LOX  activity,  inhibited  endothelial  cell 
migration  stimulated  by  VEGF.  On  the  other  hand  a  general  COX 
inhibitor,  indomethacin,  had  no  appreciable  effect.  In  contrast, 
BHPP,  which  is  a  selective  platelet-type  12-LOX  inhibitor,  blocked 
VEGF-stimulated  endothelial  cell  migration.  The  involvement  of 
12-LOX  and  its  AA  metabolite  in  endothelial  cell  migration  was 
further  strengthened  by  the  observations  that  exogenously  added 
12(S)-HETE  directly  stimulated  RV-ECT  migration  and  partially 
reversed  the  inhibitory  effect  of  BHPP  on  cell  migration.  Finally, 
the  overexpression  of  12-LOX  in  CD4  endothelial  cells  signifi¬ 
cantly  stimulated  cell  migration  in  a  12-LOX  activity-dependent 
manner.  The  findings  collectively  suggest  the  role  of  endothelial 
12-LOX  and  its  AA  metabolite,  12(S)-HETE,  in  endothelial  cell 
migration. 

In  addition  to  its  role  in  endothelial  cell  migration,  we  found 
that  12-LOX  is  involved  in  endothelial  cell  tube  formation. 
Pretreatment  of  the  RV-ECT  cell  line  with  BHPP  significantly 
inhibited  the  formation  of  vessel-like  structures  within  Matrigel. 
The  second  line  of  evidence  is  the  observation  that  the  overexpres¬ 
sion  of  12-LOX  in  CD4  endothelial  cells  promoted  the  formation  of 
tubelike  structures  on  Matrigel.  Interestingly,  it  has  been  exten¬ 
sively  documented  that  exogenous  12(S)-HETE  can  induce  a 
reversible  retraction  of  endothelial  cell  monolayers  cultured  on 
collagen  by  regulating  PKC  and  aypa  integrin.'^*'^*  It  remains  to  be 
determined,  however,  whether  endothelial  cell  retraction  is  an  early 
event  of  tube  differentiation  on  matrix  proteins  such  as  collagens  or 
Matrigel,  Studies  are  under  way  to  determine  this  potential 
relationship. 

It  has  been  reported  that  the  12-LOX  pathway  of  AA  metabo¬ 
lism  is  required  in  bFGF-stimulated  endothelial  cell  proliferation.^^ 
We  demonstrated  that  the  inhibition  of  12-LOX  activity  also 
compromised  VEGF-stimulated  endothelial  cell  proliferation.  The 
role  of  12-LOX  in  endothelial  cell  proliferation,  together  with  the 
finding  that  12-LOX  is  involved  in  endothelial  cell  migration  and 
tube  differentiation,  implicate  the  mobilization  of  arachidonic  acid 
and  the  generation  of  12(S)-HETE  through  the  12-LOX  pathway  in 
endothelial  cells  as  an  early  event  in  the  intracellular  cascade  of 
angiogenic  responses.  Currently  we  are  exploring  the  mechanism 
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by  which  12-LOX  and  12(S)-HETE  participate  in  the  signaling 
events  elicited  by  VEGF  or  bFGF  in  endothelial  cells. 

The  involvement  of  12-LOX  in  endothelial  cell  angiogenic 
responses  in  vitro  is  further  corroborated  by  the  observation  that  the 
12-LOX  inhibitor  BHPP  significantly  reduced  bFGF-stimulated 
angiogenesis  in  vivo.  Because  bFGF  induces  angiogenesis  by 
modulating  endothelial  cell  expression  of  VEGF,  which  in  turn 
contributes  to  angiogenesis  in  an  autocrine  mechanism,^^  BHPP 
may  have  inhibited  angiogenesis  by  attenuating  endothelial  cell 
angiogenic  responses  to  bFGF  and  VEGF. 

It  should  be  noted  that  although  platelet-type  12-LOX  uses 
arachidonic  acid  to  synthesize  12(S)-HETE  almost  exclusively, 
platelet-type  12-LOX  has  been  shown  to  use  leukotriene  A4  to 
synthesize  lipoxin'^^'^  and  also  5{S)-HETE  and  15(S)-HETE  to 
form  5(S),  12(S)-DiHETE  and  14(R),  15(S)-DiHETE,  respec¬ 
tively.^^  It  awaits  further  studies  regarding  whether  other  12-LOX 
products,  in  addition  to  12(S)-HETE,  is  angiogenic.  In  vivo, 
12(S)-HETE  is  a  prominent  product  of  arachidonic  acid  metabo¬ 
lism  through  the  LOX  pathway  in  platelets.  The  pro-angiogenic 
function  of  12(S)-HETE  as  delineated  in  the  current  study  and  in 
our  previous  reports implicates  the  possible  involvement  of 
platelets  in  angiogenesis  during  tumor  growth  and  metastasis. 
Indeed,  platelets  are  intimately  involved  in  tumor  angiogenesis, 
and  platelet  aggregation  stimulates  the  release  of  VEGF.^®  Clini¬ 
cally,  30%  to  60%  of  patients  with  advanced  cancer  have  platelet 
abnormalities  such  as  thrombocytosis  and  many  other  thromboem¬ 
bolic  disorders.  In  addition,  activated  platelets  have  been  fre¬ 
quently  associated  with  many  malignant  tumors.'*^  Obviously,  the 
involvement  of  platelets  adds  to  the  complexity  of  tumor  angiogen¬ 
esis  regulation. 

In  summary,  our  data  suggest  the  important  role  of  12(S)-HETE 
generated  by  the  12-LOX  pathway  in  angiogenesis  and  suggest  the 
possibility  of  using  12-LOX  inhibitors  to  treat  angiogenic  diseases 
such  as  tumor  growth  and  arthritis.  Studies  are  under  way  to 
evaluate  the  efficacy  of  12-LOX  inhibitors  against  solid  tumor 
growth  in  vivo. 
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Abstract 

Previously,  we  found  a  positive  correlation  between  the  expression  of 
platelet-type  12-lipoxygenase  (12-LOX)  and  the  progression  of  human 
prostate  adenocarcinoma  (PCa;  Gao  et  aL,  Urology,  46:  227-237, 1995). 
To  determine  the  role  of  12-LOX  in  PCa  progression,  we  generated  stable 
12-LOX-transfected  PC3  cells,  which  synthesize  high  levels  of  12-LOX 
protein  and  12(5)-hydroxyeicosatetraenoic  acid  metabolite.  In  vitroy  12- 
LOX-transfected  PC3  cells  demonstrated  a  proliferation  rate  similar  to 
neo  controls.  However,  following  s.c.  Injection  into  athymic  nude  mice, 
12-LOX-transfected  PC3  cells  formed  larger  tumors  than  did  the  controls. 
Decreased  necrosis  and  increased  vascularization  were  observed  in  the 
tumors  from  12-LOX-transfected  PCS  cells.  Both  endothelial  cel!  migra¬ 
tion  and  Matrigel  implantation  assays  indicate  that  12-LOX-transfected 
PC3  cells  were  more  angiogenic  than  their  neo  controls.  These  data 
indicate  that  12-LOX  stimulates  human  PCa  tumor  growth  by  a  novel 
angiogenic  mechanism. 

Introduction 

The  growth  and  metastasis  of  solid  tumors  are  dependent  upon  the 
ability  of  tumor  cells  to  induce  angiogenesis  (1).  Angiogenesis,  the 
formation  of  new  blood  vessels  from  preexisting  ones,  involves  en¬ 
dothelial  cell  proliferation,  motility,  and  differentiation.  Tumor  cells 
can  secrete  a  variety  of  angiogenic  factors,  such  as  basic  fibroblast 
growth  factor  and  vascular  endothelial  growth  factor,  to  stimulate 
angiogenesis  (2).  Tumor  cells  also  produce  angiogenesis  inhibitors 
such  as  thrombospondin  and  angiostatin  to  control  angiogenesis  (2). 
The  balance  between  angiogenesis  stimulators  and  inhibitors  deter¬ 
mines  the  angiogenicity  of  tumor  cells  (2).  In  human  PCa,^  the  level 
of  vascularization  positively  correlates  with  tumor  stage  (3—5).  Inhi¬ 
bition  of  angiogenesis  by  linomide  or  TNP-470  potently  inhibits  PCa 
growth  and  metastasis  by  causing  necrosis  and  apoptosis  in  tu;nors 
(6,  7).  Although  various  potential  angiogenesis  factors  have  been 
identified  in  prostate  cancer  (8),  it  is  still  unclear  by  which  process 
PCa  cells  become  angiogenic.  We  have  previously  detected  the  ex¬ 
pression  of  platelet-type  12-LOX  in  human  PCa  and  demonstrated  a 
correlation  between  12-LOX  mRNA  expression  and  pathological 
stage  (9).  Platelet-type  12-LOX  uses  only  arachidonic  acid  as  sub¬ 
strate  and  forms  12(.^-HETE  exclusively  (10).  Here,  we  have  exam¬ 
ined  the  function  of  12-LOX  on  PCa  tumor  growth.  Our  data  dem- 
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onstrate  that  12-LOX  has  no  detectable  effect  on  PCa  cell  growth  m 
vitro  but  stimulates  PCa  tumor  growth  in  vivo.  This  effect  of  12-LOX 
on  tumor  growth  is  closely  related  to  increased  angiogenesis.  Both  in 
vitro  and  in  vivo  angiogenesis  assays  suggest  that  PCa  cells  expressing 
high  levels  of  12-LOX  are  more  angiogenic  than  those  expressing  no 
or  low  levels  of  12-LOX.  Our  results  provide  a  novel  function  for 
platelet-type  12-LOX  in  PCa  progression. 

Materials  and  Methods 

Cell  Culture.  Rat  angiogenic  endothelial  cell  line  RV-ECT  (a  gift  from  Dr. 
Clement  Diglio,  Department  of  Pathology,  Wayne  State  University)  was 
maintained  in  DMEM  with  10%  FBS  (11).  The  cells  were  used  between 
passage  numbers  29  and  34.  The  human  prostate  carcinoma  cell  line  PC3  was 
originally  purchased  from  American  Type  Chilture  Collection  (Manassas,  VA) 
and  maintained  in  RPMI  1640  with  10%  FBS.  All  culture  reagents  were 
purchased  from  Life  Technologies,  Inc. 

Stable  Transfection  of  PC3  Cells  and  Characterization.  Passage  28  PC3 
cells  were  cotransfected  using  a  Lipofectin  reagent  (Life  Technologies,  Inc.) 
with  a  pCMV-platelet-type  12-LOX  construct  (a  gift  from  Dr.  Collin  Funk, 
Center  for  Experimental  Therapeutics,  University  of  Pennsylvania;  Ref.  10), 
and  pCMV-neo,  which  encodes  a  neomycin-resistant  protein.  PC3  cells  trans¬ 
fected  with  pCMV-neo  were  used  as  controls.  Transfectants  were  selected 
using  1  mg/ml  geneticin  (G418)  in  RPMI  with  10%  FBS  and  then  cloned  using 
a  limiting  dilution  method  in  96-well  plates.  The  cloned  transfectants  were 
propagated  and  characterized  for  12-LOX  mRNA  expression  by  Northern  blot 
and  12-LOX  protein  expression  by  Western  blot.  Human  epidermoid  carci¬ 
noma  A431  cells  that  express  12-LOX  (12)  w^re  used  as  a  positive  control. 
The  probe  used  in  Northern  blot  was  the  12-L07t  cDNA  from  pCMV  12-LOX 
construct.  Rabbit  12-LOX  polyclonal  antibody  used  in  Western  blot  was 
purchased  from  Oxford  Biomedical  Inc.  (Oxford,  MI).  Actin  antibody  was 
from  Amersham  (Arlington  Heights,  IL).  The  synthesis  of  12(5)-HETE  by 
12-LOX  transfectants  was  determined  using  a  RIA  kit  from  Perspective 
Diagnostics  (Cambridge,  MA)  according  to  the  manufacturer’s  instructions. 

In  Vitro  Proliferation  Assay.  To  study  the  growth  kinetics  of  PC3  trans¬ 
fectants  in  culture,  2X10^  cells  per  well  were  seeded  in  96-well  culture  plate. 
The  number  of  viable  cells  at  intervals  of  48  h  was  assessed  using  an  MTS  cell 
proliferation  assay  kit  (Promega  Corp,  Madison,  MI).  The  A490  nm  readings  2-3 
h  after  plating  were  used  as  baselines.  The  number  of  cells  was  expressed  as 
the  percentage  of  increase  from  the  A490  nm  baselines. 

Animal  Model  and  Histochemical  Studies.  A  total  of  4  X  10®  12-LOX- 
transfected  PC3  cells  or  neo  control  cells  in  200  ftl  of  HBSS  were  injected  s.c. 
into  the  right  flank  of  4 -6- week-old  male  BALB/c  nude  mice  (obtained  from 
University  of  South  Florida,  Tampa,  FL).  The  resulting  tumors  were  measured 
using  a  vernier  caliper,  and  tumor  volume  was  calculated  using  the  formula: 
(width)^  X  length  X  0.5  (7).  Six  to  7  weeks  after  injection,  mice  were 
sacrificed,  and  the  tumors  were  resected  and  photographed  under  an  SP 
SZ-4060  stereomicroscope  (Olympus  America,  Melville,  NY).  Tumors  were 
fixed  in  10%  neutral  buffered  formalin  and  embedded  in  paraffin,  and  sections 
(5  fim)  were  prepared  for  histology  staining.  Sections  were  stained  with  H&E 
to  examine  the  presence  of  necrosis.  The  assessment  of  tumor  necrotic  area 
was  performed  for  a  total  of  10  HPFs  per  tumor  using  a  double-blind  approach. 

CD31  staining  was  used  to  assess  tumor  vascularization.  Immunohisto- 
chemical  staining  for  CD31  (DAKO  Corp.;  dilution,  1:20)  was  performed 
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Hg.  2.  12-LOX  transfectants  have  an  in  vivo 
but  not  in  vitro  growfli  advantage.  A,  growth  ki¬ 
netics  of  PC3  transfectants  in  culture.  Cell  prolif¬ 
eration  of  various  transfectants  was  measured  as 
described  in  “Materials  and  Methods.”  Shown  here 
are  die  growth  curves  of  PC3  wild  type  (O),  neo-<r 
(•),  nl^8  (V)«  and  nL-12  (▲).  Data  points,  means 
of  six  determinations;  bars,  SE.  Other  clones  such 
as  nl^2  and  neo-a  also  had  similar  growth  kinetics 
(data  not  shown).  B,  growth  kinetics  of  the  tumors 
derived  from  12-LOX  transfectants  and  neo  con¬ 
trols.  Data  points,  mean  volumes  of  eight  tumors 
for  nL-12  (•)  and  nco-cr  (O),  five  tumors  for  nL-2 
(□)  and  neo-a  (V),  and  six  tumors  for  PC3  wild 
type  (▼);  bars,  SE.  C,  mice  with  tumors  from 
12-LOX  transfectants  or  from  neo  control.  Left, 
three  mice  with  tumors  from  nco-cr  {arrows)-, 
right,  three  mice  bearing  tumors  from  12-LOX- 
transfectcd  ?C3  cells  (nL-12;  arrows). 
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dependent.  We  found  significant  vascularization  in  tumors  derived 
from  12-LOX-transfected  PC3  cells,  whereas  the  neo  control  tumors 
showed  little  vessel  penetration  (Fig.  3A).  Immunostaining  with  CD31 
antibody,  which  detects  the  presence  of  endothelial  cells,  showed  that 
the  vascular  networks  in  tumors  derived  from  nL-12  were  sinusoidal 
in  pattern  and  well  developed  in  structure  (Fig.  3B,  right).  In  contrast, 
in  neo  control  tumors,  endothelial  cells  were  present  but  were  ran¬ 
domly  distributed  and  did  not  form  an  organized  vascular  network 
(Fig.  3B,  left).  There  were  fewer  vessels  in  neo-<r  tumors  than  in 
nl>12,  as  suggested  by  microvessel  density  (Fig.  3C).  The  assessment 
of  the  vessel  organization  demonstrated  that  the  majority  of  vessels  in 
the  tumors  derived  from  12-LOX-transfected  PC3  cells  were  highly 
organized,  whereas  in  those  from  neo-cr,  they  showed  a  disorganized 
to  intermediate  pattern  (Fig.  3D).  In  tumors  derived  from  nL;2  and 
nL-8,  we  also  observed  a  similar  increase  in  angiogenesis  when 
compared  to  neo-a  (data  not  shown). 

Increased  Angiogenicity  of  12-LOX  Transfectants.  The  in¬ 
creased  angiogenesis  in  the  tumors  generated  from  12-LOX-trans¬ 
fected  PC3  cells  raises  the  question  of  whether  the  observed  increase 
in  angiogenesis  is  the  cause  or  a  consequence  of  the  increased  tumor 
growth.  To  address  this  issue,  we  first  assayed  the  conditioned  culture 
medium  of  PC3  12-LOX-transfected  PC3  cells  or  neo  controls  for 


their  ability  to  stimulate  endothelial  cell  migration.  As  shown  in  Fig. 
4A,  the  medium  from  the  12-LOX-transfected  PC3  cells  induced  more 
RV-ECT  migration  than  did  the  medium  from  neo  controls.  Under 
similar  assay  conditions,  12(5)-HETE  itself  also  stimulated  RV-ECT 
migration  at  nanomolar  levels  (Fig.  4B).  The  increased  angiogenicity 
of  12-LOX  transfectants  was  confirmed  by  the  Matrigel  implantation 
assay.  As  shown  in  Fig.  4C,  within  12  days,  12-LOX-transfected  PC3 
cells  (nL-12)  in  Matrigel  induced  massive  angiogenesis,  indicated  by 
the  accumulation  of  blood  in  the  gel,  compared  to  the  neo  control 
(neo-o).  The  results  clearly  illustrate  that  the  12-LOX-transfected  PC3 
cells  are  more  angiogenic  than  their  neo  controls. 

Discussion 

Here,  we  found  that  the  increased  expression  of  12-LOX  in  human 
PCa  cells  stimulates  prostate  tumor  growth  by  enhancing  their  angio¬ 
genicity.  The  findings  have  significant  bearing  on  the  regulation  of 
PCa  progression  because,  in  patients  diagnosed  with  prostate  carci¬ 
noma,  some  tumors  are  extremely  malignant,  with  rapid  progression, 
whereas  others  are  localized  and  dormant  for  many  years.  Exploration 
of  the  mechanism  underlying  the  transition  from  latent  to  rapidly 
growing  PCa  will  provide  useful  information  for  PCa  management. 
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Fig.  4.  Increased  angiogenicity  of  12-LOX-transfected  PC3  cells.  A,  stimulation  of 
endothelial  cell  migration  by  the  conditioned  medium  from  12-LOX  transfcctants.  The 
conditioned  media  were  harvested  after  24  h  of  culture  and  used  for  migration  assay  as 
described  in  “Materials  and  Methods.”  Columns,  average  numbers  of  cells  migrated  per 
field;  bars,  SE  (*♦,  P  <  0.01  by  Student’s  t  test).  B,  12(5)-HETE  stimulates  endothelial 
cell  migration.  The  migration  assay  was  performed  essentially  as  described  in  A  except 
that  media  with  various  levels  of  12(5)-HETE,  instead  of  the  conditioned  media,  were 
placed  into  the  lower  chamber.  Columns,  means;  bars,  SE  (**,  P  <  0.01  by  Student’s  t 
test).  C,  induction  of  angiogenesis  in  Matrigel  by  12-LOX  transfcctants.  Top,  three 
Matrigel  implants  premixed  with  2  X  10*  neo-or  cells.  Note  the  vessel  penetration  into  the 
gel  was  minimal,  with  little  blood  accumulated  in  the  gel.  Bottom,  in  contrast,  the  Matrigel 
premixed  with  2  X  10*  12-LOX  transfectant  (nL-12)  demonstrates  considerable  blood 
accumulation. 


One  final  point  concerns  the  expression  of  12-LOX  during  human 
PCa  progression.  If  the  effects  of  12-LOX  on  PCa  tumor  growth  and 
angiogenesis  just  described  are  of  physiological  significance,  it  should 
be  expected  that  PCa  cells  express  12-LOX.  This  has,  in  fact,  been 
observed  in  vivo,  where  the  expression  of  12-LOX  has  been  positively 
correlated  with  tumor  stage  (9).  The  question  of  how  12-LOX  expres¬ 
sion  is  up-regulated  in  PCa  cells  is  currently  being  explored. 
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